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1. INTRODUCTION

Copper is a versatile element that can be alloyed with a variety of materials,
including high-melting-point elements such as iron, chromium, and cobalt. The
resulting copper-based alloys are utilized extensively across a broad spectrum of
industrial sectors, encompassing applications such as components in gas turbines,
medical devices, and nuclear systems. These alloys exhibit remarkable
capabilities in addressing critical challenges associated with wear resistance,
corrosion, and thermal fatigue [1]. The unique properties inherent to copper
alloys are propelling the development of innovative formulations, particularly for
machinery components such as bearings, gears, and cams, which are subjected to
friction and wear during operational cycles. This necessitates an urgent demand
for the continuous development of novel materials designed specifically to
mitigate wear rates in modern engineering applications. Furthermore, tribological
research is dedicated to the systematic analysis and exploration of phenomena
related to friction, lubrication, and wear [2]. By investigating these elements,
researchers aim to uncover pathways that can effectively reduce friction and wear
in machine components. As technological advancements progress, traditional
materials are increasingly being replaced by new materials that exhibit more
specialized and superior characteristics. This shift underscores the critical need
for ongoing development in raw materials within the industrial sector,
particularly in the field of materials science. Researchers are directing their focus
towards the investigation of innovative materials that demonstrate enhanced
attributes compared to conventional natural and alloyed substances. These new
composites, in contrast to traditional materials, are engineered to possess superior
properties that meet contemporary demands [3-5].

Composite materials offer a multitude of advantages over their conventional
counterparts. One of their most significant attributes is their lightweight nature,
which is coupled with impressive strength and durability [6]. Specifically, copper
alloys provide a range of benefits, including catalytic activity and compatibility
with hydrogenation processes [7]. Additionally, electrolytic copper coatings have
been effectively employed in various applications to reduce wear and friction,
especially in abrasive environments. The utilization of powder metallurgy
techniques for the production of copper-based alloys is a well-established practice
[8]. Powder metallurgy encompasses a comprehensive suite of processes that
include the generation, blending, and transformation of metal powders into
finished products. This methodology is particularly advantageous for materials
that exhibit poor forgeability and machinability. For example, the inherent
challenges associated with forging high-strength alloys used in gas turbine disk
fabrication have rendered powder metallurgy a more favorable alternative.



Furthermore, the ability to precisely control the particle size of the powders and
minimize defects, such as gas voids, represents additional benefits of this
production method [9-13].

As technological landscapes continue to evolve, there is a compelling
imperative to enhance materials that serve as foundational components in
industrial applications. Scientists and researchers in the materials domain are
increasingly focused on the development of new substances that exhibit superior
characteristics compared to traditional natural and alloyed materials. Such
innovations have led to the creation of composite materials distinguished by their
exceptional properties. Notably, composite materials provide numerous
advantages over conventional materials, prominently featuring their lightweight
composition in conjunction with superior strength [14-17].

Copper and its alloys are amenable to alloying with several elements,
including iron, chromium, and cobalt, all of which possess elevated melting
points. Copper-based alloys are employed in an array of industrial applications,
which include critical components in gas turbines, medical devices, and nuclear
systems. These alloys are adept at addressing issues of wear resistance, corrosion,
and thermal fatigue, thereby facilitating the ongoing advancement of new copper-
based formulations. The engineering of machine components such as bearings,
gears, and cams—elements that experience mutual contact and wear—is of
paramount importance [18-21]. Presently, there exists a substantial need for the
innovation of new materials designed explicitly to reduce wear rates. In this
context, tribological studies concentrate on various phenomena, including
friction, lubrication, and wear, with the goal of identifying effective strategies to
minimize friction and wear in mechanical components [23,23].

Owing to their remarkable properties—such as exceptional heat resistance,
corrosion resistance, toughness, and mechanical strength—copper and its alloys
are increasingly preferred as high-performance engineering materials across a
multitude of fields, including aerospace, automotive, and biomedical applications
[24]. In addition to industrial and medical applications, such as machinery
components and construction materials, these materials are also employed in
advanced applications encompassing electronics, aerospace technology, and
everyday products like super-elastic eyeglass frames and mobile phone antennas.
Recent years have also witnessed an increased utilization of copper alloys in
robotics applications. Nonetheless, the industrial application of copper and its
alloys faces challenges associated with their mechanical properties and wear
resistance [25-29]. To overcome these challenges, the integration of molybdenum
(Mo) and tungsten (W) particles into copper alloys via powder metallurgy
techniques has been explored. This approach aims to significantly enhance both



the wear resistance and mechanical properties of the produced samples, thereby
addressing a critical need within the industry.

In the course of this study, a thorough literature review revealed a conspicuous
gap regarding the feasibility of producing copper composites reinforced with
molybdenum and tungsten. Consequently, this research endeavors to fill the
identified gap in the existing literature by investigating the production of
molybdenum and tungsten-reinforced copper composites utilizing powder
metallurgy techniques. The primary objective of this study is to provide valuable
insights and contributions to the materials science field, particularly in the quest
to develop high-performance copper-based alloys characterized by enhanced
mechanical properties for a diverse range of industrial applications. This research
holds the potential to facilitate advancements in material engineering, ultimately
leading to the creation of innovative applications across various industries,
enhancing both the functionality and durability of the resultant alloys in practical
use.

2. EXPERIMENTAL STUDIES

Three distinct alloy compositions were prepared via powder metallurgy for
subsequent experimental assessment. This synthesis process utilized high-purity
copper (Cu), molybdenum (Mo), and tungsten (W) powders, each with an
approximate purity of 99.9% and a particle size of 325 mesh. To tailor the
properties of these alloys for experimental requirements, 20% by weight of Mo
and 20% by weight of W were introduced into the base materials, enabling the
targeted modification of their mechanical and physical attributes. To ensure
homogeneity within the alloy powders, the constituent metal powders underwent
a mechanical alloying process. This procedure involved mixing in a Retsch
PM100 planetary ball mill, which operated at a rotational speed of 350 rpm for a
duration of 5 hours. The planetary mill’s design includes a tightly sealed powder
chamber, which prevents contamination by isolating the powder from the external
environment once enclosed. This isolation is crucial for maintaining the purity
and consistency of the alloy during the milling process. After the mechanical
alloying phase, the blended powders were transferred into a cold pressing mold
for compaction. The cold pressing process employed a pressing pressure of 700
MPa to shape and densify the powder materials. This pressing procedure was
performed with a Specac GS15011 hydraulic pellet press housed at the Central
Research Laboratory of Kastamonu University. A cylindrical mold with a 13 mm
diameter was chosen to ensure uniform sample geometry. Throughout the
pressing operation, a constant pressure of 700 MPa was applied to achieve the
required level of material densification and structural integrity, setting a



consistent baseline for subsequent material testing and analysis. The sintering of
the powder samples was performed using an atmosphere-controlled heat
treatment furnace located in the Metallurgy and Materials Engineering
Laboratories at Kastamonu University. After compaction, the samples were
sintered at a temperature of 1050°C under an argon atmosphere for 30 minutes.
This controlled environment facilitated the formation of robust material bonds
and promoted effective densification of the powders.

The complete sintering cycle lasted 270 minutes. To eliminate volatile
substances, such as residual oils and other impurities within the samples, a
gradual heating process was employed. The samples were heated from room
temperature to the target sintering temperature of 1050°C at a controlled rate of
approximately 10°C per minute, reaching the sintering temperature in 120
minutes. This gradual increase allowed for the controlled expulsion of
contaminants without compromising the material structure. Upon reaching the
sintering temperature, the samples were held isothermally at 1050 °C for 30
minutes. This holding period was critical for promoting diffusion and bonding at
the particle level within the powder matrix, thereby enhancing the material’s
mechanical properties and microstructure uniformity. Following the holding
phase, a controlled cooling process was applied to avoid thermal stresses that
might otherwise impact the structural integrity of the samples. Over a period of
120 minutes, the samples were gradually cooled to room temperature within the
controlled atmosphere of the furnace’s cooling chamber. This careful cooling
process further stabilized the internal structure of the sintered materials.
Following the sintering process, the test samples were prepared for scanning
electron microscopy (SEM) imaging through a series of meticulous
metallographic procedures. These procedures included mounting in bakelite,
incremental grinding, precision polishing, and targeted etching. Each sample was
mounted individually in bakelite at a controlled temperature of 100°C, providing
stability and ease of handling for subsequent preparation stages.



3. EXPERIMENTAL RESULTS AND EVALUATION

3.1. SEM-EDS Analysis Results of Samples

Scanning electron microscopy (SEM) imaging of Co-Mo-W alloys fabricated
using the powder metallurgy method has been conducted, providing a detailed
assessment of their microstructural features. A thorough examination of the SEM
images presented in Figure 1 reveals a pronounced copper matrix that constitutes
a significant component of the samples. In addition, the images demonstrate a
uniform distribution of molybdenum (Mo) and tungsten (W) particles within the
internal architecture of the alloy.

20 ym
KASTAMONU UNIVERSITY

Figure 1. SEM images of the produced sample.
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The produced samples show evidence of partial cracking and the occurrence
of porosity, both of which are pivotal factors that can adversely affect their
mechanical performance [30]. Importantly, the SEM analysis suggests that the
introduction of Mo and W into the alloy composition is associated with a notable
decrease in the overall levels of porosity. This reduction is particularly beneficial,
as it implies an enhancement in the densification of the material, thereby
bolstering its structural integrity [31-34]. Furthermore, the SEM images
substantiate that the Mo and W particles are not only present but are also
uniformly distributed throughout the microstructural framework of the alloys.
This homogenous distribution is attributed to the successful implementation of
mechanical alloying followed by sintering processes, which effectively promote
the even dissemination of these particles within the copper matrix. The uniformity
of Mo and W distribution is essential for the enhancement of the mechanical
properties of the alloys, as it is likely to improve their strength and overall
durability [35-39].

The insights derived from the scanning electron microscopy energy dispersive
spectroscopy (SEM-EDS) analysis, as detailed in Figure 2 and summarized in
Table 1. Provide robust evidence that the chemical compositions of the
synthesized composite sample are in close accordance with the specified
formulation parameters established prior to synthesis [40-42]. A particularly
noteworthy observation is made from the EDS analysis at Spot 1, which indicates
that the internal structure of the composite material comprises 75.15% copper
(Cu), 0.14% molybdenum (Mo), and 24.71% tungsten (W). This finding
illustrates the predominant role of copper in the composite’s architecture.
Furthermore, the assessment conducted at Spot 2 revealed a composition that
consists entirely of 100% copper, highlighting a region within the sample where
copper exists in its purest form. In contrast, the analysis at Spot 3 distinctly
identified a composition that is composed entirely of 100% molybdenum,
underscoring the presence of this critical alloying element within the matrix.
Finally, the results obtained from Spot 4 indicated a composition of 5.87% Cu
and 94.13% W, which suggests a significant presence of tungsten in this
particular region, pointing to the alloy’s multifaceted microstructural
characteristics [43-47].
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Figure 2. SEM-EDS analysis results of the produced sample.
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Table 1. EDS Spot analysis results of the produced sample.

EDS Spot Element Weight (%)

Cu 75.15
EDS Spot 1 Mo 0.14

W 24.71
EDS Spot 2 Cu 100
EDS Spot 3 Mo 100

Cu 5.87
EDS Spot 4 W 9413

The SEM-EDS results not only corroborate the hypothesis that the light gray
regions observed in the SEM images represent the principal phase of the material
but also reveal the complex and heterogeneous nature of the composite. The
distinct chemical compositions identified at various locations throughout the
sample shed light on the spatial distribution and arrangement of the alloying
elements, revealing critical insights into how these factors influence the overall
properties of the composite material. This extensive compositional analysis is
paramount for understanding the intricate interplay between the microstructural
features of the material and its resulting mechanical properties [48-51]. Such
knowledge is vital for the advancement of optimization strategies and application
methodologies concerning composite materials, with implications in both
academic research and practical industrial applications. Moreover, gaining a
more profound understanding of the relationships between composition and
microstructure will significantly enhance the ability to engineer materials
specifically tailored to meet diverse application requirements. This capability is
particularly crucial in industries where performance and functionality are
paramount, such as aerospace, automotive, and biomedical fields. By integrating
the findings from this study into broader material science research, we can
facilitate significant advancements in the development of innovative solutions
across various engineering disciplines. Ultimately, this comprehensive
knowledge base will contribute not only to the enhancement of existing materials
but also to the creation of novel composites that can fulfill the demanding
challenges presented by modern technological applications. Such developments
will ensure that engineers and researchers can continue the boundaries of material
performance, leading to groundbreaking applications in the future [52-56].

13



The hardness assessments were meticulously carried out along a defined linear
trajectory across the surface of the sample, with measurements taken at precise
intervals of 150 pm. This methodical approach ensured that the data collected
accurately reflects the hardness distribution throughout the material. The results
indicated that the microhardness of the sample was approximately 179 vickers, a
value that signifies a substantial degree of hardness for the material in question.
This notable increase in hardness can be primarily linked to the presence of hard
phases, specifically carbides, which play a crucial role in enhancing the overall
strength and wear resistance of the composite [57-60]. The introduction of
alloying elements such as molybdenum (Mo) and tungsten (W) into the matrix
has been instrumental in facilitating the formation of these hard phases. The solid
solution strengthening and precipitation hardening mechanisms associated with
these elements are likely responsible for the pronounced enhancement in the
hardness values observed [58]. Moreover, the formation of these hard phases not
only contributes to increased hardness but also impacts other mechanical
properties, such as toughness and ductility, which are critical for various
applications. The presence of carbides and other reinforcing phases within the
microstructure effectively impedes dislocation movement, which is a primary
mechanism of plastic deformation [60-65].

4. GENERAL RESULTS

In this comprehensive investigation, copper alloys incorporated with
molybdenum (Mo) and tungsten (W) were successfully synthesized utilizing the
advanced powder metallurgy technique. The parameters established for the
production process included a cold pressing phase conducted at a pressure of 700
MPa, followed by a sintering phase at a temperature of 1050 °C for a duration of
30 minutes within an argon-controlled atmosphere. This methodology was
meticulously designed to optimize the properties of the resultant materials. The
produced samples underwent thorough analysis using state-of-the-art scanning
electron microscopy-energy dispersive spectroscopy (SEM-EDS) and
microhardness testing. The analysis yielded several significant findings, which
are outlined as follows:

e The powder metallurgy approach effectively enabled the pressing and
sintering of copper alloys containing Mo and W, demonstrating its
potential as a reliable fabrication method for high-performance materials.

o A detailed examination of the SEM images reveals a notable trend: as the
proportions of Mo and W within the alloys increased, there was a
corresponding decrease in the porosity levels of the samples. This
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observation is particularly significant, as lower porosity generally
correlates with enhanced mechanical strength and integrity.

The microhardness measurements conducted on the samples yielded a
value of approximately 179 vickers. This substantial increase in hardness
is closely linked to the presence of carbides and the formation of hard
phases within the microstructure. The incorporation of Mo and W
particles has facilitated the development of these hard phases, which
directly contributes to the overall enhancement of hardness observed in
the alloys.
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INTRODUCTION

Copper alloys manufactured through powder metallurgy have garnered
significant interest within the realm of advanced manufacturing technologies due
to the unique advantages associated with this method [1]. Unlike conventional
fabrication techniques such as casting, machining, and hot or cold pressing
powder metallurgy stands out for its ability to exercise precise control over the
chemical composition, grain structure, and homogeneity of alloyed materials [2].
This high level of control enables manufacturers to meticulously tailor material
properties to meet specific performance demands, making an ideal approach for
applications where improved mechanical and physical attributes are critical. This
method not only enhances material uniformity but also enables the production of
parts with complex geometries, offering a versatile alternative to traditional
manufacturing [3]. A primary advantage of produced copper based composites
lies in their enhanced material properties, especially in terms of wear resistance,
corrosion resistance, and optimized surface qualities, including reduced friction
and improved surface tension. These characteristics contribute significantly to the
reliability, longevity, and functionality of copper based composites, making them
indispensable in a variety of high performance engineering applications [4-8].
Furthermore, the capability of fabricate composite materials with specialized
structural and functional properties has underscored their importance in modern
engineering. One of the key characteristics of fabricated composites is their
superior strength to weight ratio, which facilitates the development of
lightweight, high strength materials [9-11]. This feature is crucial for applications
demanding efficient material use and cost effective production, as it leads to
reduced material consumption, decreased production costs, and lower operational
expenses over time. Copper alloys, renowned for their combination of low
density and high strength, have thus become vital components in advanced
composite development, particularly for applications where mechanical
resilience and lightweight properties are essential [12-15].

Copper alloys are renowned for their exceptional combination of high
electrical conductivity and impressive mechanical strength, making them
indispensable in a broad spectrum of industrial and electrical applications. These
alloys, owing to their unique properties, are commonly utilized in the production
of components that require both electrical efficiency and structural integrity, such
as connectors, electrical railways, lead frames, and elastic conductive materials
[16]. Their dual functionality, allowing them to conduct electricity while
maintaining robustness under mechanical stress, positions them as essential
materials in various advanced technological sectors, particularly in electrical
engineering and manufacturing industries [17-19]. In the existing body of
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research, numerous copper alloy compositions have been developed and
optimized to meet the ever-evolving industrial demands for specific performance
characteristics. These alloys are often engineered by incorporating various
alloying elements, which serve to tailor the material properties for particular
applications. Some of the most commonly added elements include nickel (Ni),
silicon (Si), magnesium (Mg), iron (Fe), phosphorus (P), chromium (Cr),
beryllium (Be), zinc (Zn), tin (Sn), and aluminum (Al). These elements, when
introduced into the copper matrix, significantly influence the resulting properties
of the alloy, enhancing aspects such as corrosion resistance, strength, hardness,
and, in certain cases, thermal stability. By varying the types and quantities of
these alloying elements, manufacturers are able to create copper-based materials
that are optimized for specific functionalities, such as improved wear resistance,
better formability, or enhanced resistance to high-temperature conditions [20-26].
The addition of nickel (Ni) and silicon (Si) to copper alloys, for instance, is
known to improve both strength and corrosion resistance, making these alloys
ideal for use in environments that demand both durability and conductivity.
Similarly, magnesium (Mg) and tin (Sn) are often used to enhance the alloy's
mechanical properties, while elements like zinc (Zn) and aluminum (Al) improve
the overall workability and resistance to oxidation. These tailored compositions
are increasingly critical as the demand for more advanced, efficient, and durable
materials continues to rise in industries such as electronics, automotive,
aerospace, and power generation [27-29]. Moreover, the study and development
of copper alloys with these various alloying elements have led to a deeper
understanding of the fundamental relationship between composition,
microstructure, and performance characteristics. The precise control of alloy
composition during the manufacturing process allows for the development of
materials that are tailored not only for improved electrical performance but also
for mechanical durability under challenging operational conditions. This balance
of electrical and mechanical properties is a key factor in the widespread adoption
of copper alloys in high-performance electrical and electronic components. As
technology continues to advance, the development of new copper alloys,
particularly those with enhanced mechanical properties or specialized electrical
characteristics, will be pivotal in meeting the needs of industries that rely heavily
on copper-based materials [30-33]. In this context, ongoing research into novel
copper alloy formulations and their manufacturing processes remains crucial for
ensuring the continued success and application of these materials in modern
industrial systems and infrastructure. The purpose of this research is to examine
the effects of incorporating cobalt and tungsten particles into copper alloys
produced through powder metallurgy, with a focus on the resulting changes in

25



microstructure and mechanical properties. To systematically analyze these
effects, copper based alloys were pressed under constant pressure and then
sintered at a controlled temperature. These controlled processes allow for the
comparison of microstructural changes and mechanical improvements across
samples. Copper and its alloys are widely recognized for their exceptional
properties, including high thermal conductivity, excellent corrosion resistance,
and notable toughness, which make them ideal for demanding engineering sectors
such as aerospace, automotive, and biomedical industries. In these fields, material
reliability and resilience are paramount due to the extreme conditions and
operational stresses involved [34-37]. Additionally, copper alloys are extensively
used across a broad range of applications, from heavy machinery and construction
materials to medical devices, consumer electronics, space exploration
technology, flexible eyeglass frames, and even mobile antennas. The versatility
of copper alloys is further demonstrated by their growing use in robotics, where
they provide both structural support and conductivity essential for advanced
mechanical functions. However, despite the significant advantages offered by
copper alloys, certain limitations persist in terms of mechanical strength and wear
resistance, particularly in high-demand industrial environments. To address these
challenges, this study investigates the reinforcement of copper alloys with cobalt
and tungsten particles through powder metallurgy, with the aim of enhancing the
alloys' mechanical robustness and wear resistance. By achieving these
improvements, the newly developed composite materials are expected to meet
critical performance requirements in industrial applications. The anticipated
enhancement in wear resistance and mechanical properties is poised to expand
the utility of copper based composites across diverse engineering contexts,
addressing the industrial need for more resilient and durable materials capable of
enduring harsh operating conditions [38].

An in-depth review of existing literature reveals a notable gap in studies
focused on the feasibility and effectiveness of producing copper-based
composites reinforced with cobalt and tungsten. This study seeks to address this
gap by creating a novel powder metallurgy based composite material with these
reinforcing elements. The findings of this research hold significant potential for
advancing the development of high-performance, durable composite materials
tailored for challenging engineering applications. Furthermore, the results are
expected to contribute valuable insights into optimizing the production processes
of such composites, broadening their applicability across various industrial
sectors. This contribution not only represents an advancement in material
performance but also aligns with the goals of sustainable and efficient use of
engineering materials. Ultimately, the production of copper, cobalt and tungsten
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composites through powder metallurgy offers a promising solution for the
development of materials capable of meeting the stringent demands of modern
industrial applications, thus advancing the field of composite materials.

1. EXPERIMENTAL PROCEDURE

Three distinct alloy compositions were synthesized through powder
metallurgy (PM) to facilitate a detailed experimental analysis. This synthesis
employed high-purity copper, cobalt, and tungsten powders, each with a purity
level of approximately 99.95% and an average particle diameter of 44 um.. To
tailor the material properties according to experimental objectives, cobalt and
tungsten were added at a concentration of 25% by weight each to the base copper
material. This composition strategy aimed to systematically enhance the
mechanical and physical characteristics of the resulting alloys, allowing for
targeted improvements in properties such as hardness, tensile strength, and wear
resistance. To achieve optimal homogeneity within the alloy powders, a rigorous
mechanical alloying procedure was conducted. In this process, the metal powders
were thoroughly mixed in a Retsch PM100 planetary ball mill. The ball milling
was set to rotate at a high speed of 500 revolutions per minute (rpm) for an
extended period of 24 hours to ensure a well-distributed particle blend. This
prolonged milling duration was critical to achieving effective bonding between
the constituent metal powders at a microstructural level. The planetary ball mill
used in this study is designed with a securely sealed powder chamber, effectively
preventing any contamination by isolating the alloy powders from the external
environment once sealed.

=
wetsch

Figure 1. Retsch PM100 planetary ball mill device.
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Following the mechanical alloying stage, the blended powders were
transferred into a cold pressing mold to undergo compaction. This cold pressing
operation utilized a high-pressure environment of 800 MPa, applied to
consolidate and densify the powder particles into a cohesive, solid form. The
pressing was conducted using a Specac GS15011 hydraulic pellet press located
at Kastamonu University's Central Research Laboratory (see Figure 2b). To
maintain uniformity in sample geometry, a cylindrical mold with a 20 mm
diameter (depicted in Figure 2a) was chosen, allowing for consistent sample
dimensions across all specimens. The use of 800 MPa as the pressing pressure
was critical to achieve the necessary level of compaction, ensuring close particle
packing and enhanced material cohesion. This high-pressure environment not
only facilitates the reduction of porosity within the powder matrix but also aids
in aligning particles closely, which is essential for achieving high density and
structural integrity in the final compact. A constant pressure of 800 MPa was
applied throughout the pressing process to create a standardized baseline for the
material’s physical properties, providing a uniform densification profile across
samples. This consistency is particularly important, as it minimizes variability in
the samples' mechanical properties, which in turn enhances the reliability of
subsequent material testing and analysis.

Figure 2. a) Mold device b) Specac GS15011 brand pellet device.

The sintering process for the powder samples was carried out in an atmosphere
controlled heat treatment furnace (Protherm) housed within the Metallurgy and
Materials Engineering Laboratories at Kastamonu University (Figure 3).
Following the compaction stage, each sample was subjected to a sintering
temperature of 925 °C under a continuous argon atmosphere for a duration of 180
minutes. This carefully managed sintering environment was crucial for fostering
the development of strong interparticle bonds and enhancing the densification of
the powder matrix. Operating under an argon atmosphere served multiple
purposes. Primarily, it minimized oxidation and prevented contamination of the
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samples, which is essential for maintaining the purity of high-quality alloy
systems. Argon, as an inert gas, creates an environment that supports uniform
heat distribution, helping the particles within the powder to undergo effective
diffusion bonding without compromising the material’s structural integrity. The
temperature of 925 °C was specifically chosen to facilitate atomic diffusion at the
particle interfaces, promoting the consolidation of the powder particles into a
cohesive solid structure. The sintering process not only allowed for the
elimination of residual porosity but also played a pivotal role in enhancing the
material’s mechanical properties, such as hardness and tensile strength. By
enabling the particles to coalesce and form continuous grain boundaries, sintering
reinforces the overall structural homogeneity of the material, which is essential
for achieving uniformity in properties across the entire sample. The extended
sintering duration of 180 minutes ensured that adequate time was provided for
complete phase formation and bond strengthening, resulting in a dense and robust
microstructure that enhances the durability and performance of the alloy under
operational stresses.

Figure 3. Protherm brand atmosphere controlled heat treatment furnace.

The complete sintering cycle extended over a period of 540 minutes. To
effectively remove volatile substances, such as residual oils and impurities within
the samples, a gradual and controlled heating approach was adopted. The
temperature was incrementally raised from ambient to the target sintering
temperature of 1050°C, at a controlled rate of approximately 5 °C per minute,
reaching the desired temperature within 180 minutes. This gradual heating
allowed for the effective release of contaminants, ensuring that the material
structure remained intact and uncompromised throughout the process. Upon
reaching the target sintering temperature, the samples were maintained
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isothermally at 925°C for an additional 180 minutes. This holding period was
crucial for facilitating diffusion and bonding at the particle level within the
powder matrix, which is essential for enhancing both the mechanical properties
and the uniformity of the microstructure. This dwell time allowed the particles to
coalesce effectively, creating a dense and cohesive structure that contributes to
the overall performance of the material.

Figure 4 illustrates the final sintered samples, highlighting the uniform
morphology achieved through this meticulously managed sintering cycle. This
controlled heating and cooling process ultimately resulted in a structurally sound
material with enhanced properties, preparing it for subsequent testing and
application in demanding engineering contexts.
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Figure 4. Sintering processes

Scanning electron microscopy (SEM) imaging through a series of meticulous
metallographic procedures. Sample underwent a systematic grinding process with
abrasive papers of increasingly finer mesh sizes, beginning at 120 mesh and
advancing sequentially through 200, 400, 600, 800, 1000, 1200 and ultimately
2000 mesh. The samples were then polished using diamond suspensions with
particle sizes of 3 um and 1 pm, achieving a smooth, reflective surface necessary
for detailed SEM analysis. The etched samples were then examined with a "FEI
QUANTA 250 FEG" SEM at the Central Research Laboratories of Kastamonu
University (see Figure 5). The SEM provided high-resolution images, enabling a
detailed examination of the microstructure and morphology of the sintered
material.
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Figure 5. FEI QUANTA 250 FEG SEM analyzer.

The microhardness measurements were conducted using a SHIMADZU
HMV-G21 microhardness tester (see Figure 6), which is housed within the
Metallurgy and Materials Engineering Laboratory at Kastamonu University. This
sophisticated instrument is specifically engineered to deliver highly accurate
microhardness assessments through a controlled indentation process, allowing for
detailed analysis of material properties.

®0 0209

Figure 6. SHIMADZU HMV-G21 model microhardness tester.

The microhardness tests were carried out under a predetermined load of 0.025
kg, which was consistently applied for a duration of 15 seconds to ensure both
the accuracy and repeatability of the indentation results. To enhance the reliability
and statistical significance of the data collected, hardness measurements were
meticulously taken from a minimum of 6 distinct locations across the surface of
each sample. This methodological approach facilitated a detailed examination of
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the hardness distribution, enabling an evaluation of both the uniformity and
variability present within the microstructure of the sintered material.

2. EXPERIMENTAL RESULTS

2.1. Microstructure Evolution

A comprehensive microstructural analysis of the alloy produced via the
powder metallurgy (PM) technique was conducted using scanning electron
microscopy (SEM), providing valuable insights into the material’s internal
structure and phase distribution. SEM imaging allowed for a high-resolution
visualization of the alloy’s microstructural features, facilitating an in-depth
examination of particle distribution, phase interactions, and matrix composition
within the material. As observed in the SEM images shown in Figure 7, the alloy
exhibits a well-defined copper matrix, which serves as the primary structural
component and base phase of the samples. This copper matrix appears as a
continuous phase, supporting the overall framework of the alloy and contributing
significantly to its mechanical and thermal properties. The presence of a well-
established copper matrix highlights the alloy’s foundational structure, which is
essential for achieving the intended performance characteristics [39].
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Figure 7. SEM images of the produced sample.

The SEM analysis further reveals the homogeneous dispersion of cobalt and
tungsten particles embedded within the copper matrix. This uniform distribution
is critical, as it enhances the alloy’s overall stability and optimizes the mechanical
properties by ensuring even load distribution across the material. Cobalt and
tungsten particles appear consistently spaced within the copper matrix, forming
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a stable composite architecture that minimizes the risk of localized stress
concentrations and improves the material’s resistance to mechanical wear and
thermal degradation. Additionally, the even dispersion of cobalt and tungsten
within the copper matrix enhances the alloy’s bonding and cohesion at a
microstructural level [40-43]. The particle distribution achieved through powder
metallurgy is instrumental in promoting particle-to-particle interactions, resulting
in a more resilient composite structure. The consistent integration of cobalt and
tungsten particles within the copper matrix not only reinforces the mechanical
strength of the alloy but also contributes to its improved corrosion resistance,
wear resistance, and thermal stability—qualities that are particularly
advantageous for applications in high-stress and high-temperature environments.
Overall, the SEM analysis confirms that the powder metallurgy process has
effectively facilitated the formation of a structurally sound, homogeneously
reinforced copper-based alloy. The detailed microstructural insights gained
through SEM imaging underscore the successful incorporation of cobalt and
tungsten particles, validating the alloy’s design as a composite material with
tailored properties for demanding engineering applications. These findings are
critical for advancing the development and optimization of PM-fabricated alloys,
as they provide a clear understanding of the microstructural mechanisms that
contribute to the enhanced performance of the material under practical operating
conditions. The analysis of the fabricated samples reveals the presence of partial
microcracking and porosity—two critical structural factors that can significantly
influence the mechanical behavior and durability of the alloy under stress
conditions [30]. These defects, particularly microcracks and voids, often serve as
stress concentrators, potentially initiating early failure points that can
compromise the alloy’s overall resilience and performance [44-46].

The information obtained from scanning electron microscope energy
dispersive spectroscopy (SEM-EDS) analysis is detailed in Figure 8.

088K Elements
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Figure 8. SEM-EDS analysis of the produced composite sample.
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The reduction in porosity achieved through the alloying with cobalt and
tungsten is not only beneficial for mechanical strength but also plays a vital role
in improving the alloy’s resistance to environmental factors such as corrosion and
wear. A denser, less porous structure typically reduces the pathways through
which corrosive agents might penetrate, thus extending the alloy’s lifespan in
corrosive or high-wear environments [47-51]. This densification effect,
facilitated by the cobalt and tungsten additions, also contributes to higher thermal
stability and improved overall structural integrity under operational stresses,
further broadening the alloy’s potential application scope in demanding
engineering fields. Moreover, the observed reduction in porosity enhances the
alloy’s capability to maintain uniform stress distribution across its structure, thus
minimizing the likelihood of localized stress build-up, which could otherwise
lead to fracture initiation. The diminished porosity indicates a more uniform and
well-integrated particle bonding within the copper matrix, highlighting the
effectiveness of powder metallurgy techniques in producing alloys with tailored
microstructural characteristics [52-55].

2.2. Microhardness Evolution

Figure 9 displays an in depth microhardness profile of the synthesized sample,
offering valuable insights into the material’s mechanical characteristics and
reinforcing its potential for high-performance applications. This microhardness
analysis was conducted meticulously along a pre-defined linear path across the
sample’s surface, with measurements recorded at regular intervals of 150 um.
This systematic sampling ensured that the collected data accurately represented
the hardness distribution, providing a comprehensive view of the material’s
consistency and structural robustness [57,59].
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Figure 9. Microhardness graph of the produced sample.
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The microhardness measurements revealed a mean value of approximately
192 Vickers, indicating a high degree of hardness for the synthesized composite
material. This significant enhancement in hardness is primarily attributed to the
formation of hard phases within the microstructure, notably carbides, which play
a critical role in elevating the strength and wear resistance of the composite
material [60-63]. These hard phases act as reinforcements within the alloy,
bolstering its mechanical resilience and making it well-suited for applications
requiring durability under intense mechanical loads. The integration of alloying
elements, specifically cobalt and tungsten, into the base matrix has been
instrumental in promoting the formation of these hard phases. This solid solution
strengthening occurs when the alloying elements become part of the copper
matrix, impeding dislocation motion and reinforcing the overall structure.
Precipitation hardening, on the other hand, results from the formation of carbide
phases, which further enhance the material’s resistance to plastic deformation and
mechanical wear. Beyond merely improving hardness, the development of these
reinforcing phases contributes positively to other key mechanical properties,
including toughness and ductility. By impeding dislocation movement an
essential mechanism of plastic deformation the hard phases introduced through
cobalt and tungsten additions increase the material’s ability to withstand
deformation under mechanical stress, which is essential for applications subjected
to high wear and repeated impact. The presence of carbides, therefore, enhances
both the material’s hardness and its comprehensive mechanical stability. These
findings emphasize the importance of precisely optimizing alloy composition and
processing parameters in the synthesis of composite materials. The synergistic
effects achieved by incorporating cobalt and tungsten not only enhance the
microhardness but also help to customize the composite for specific high-stress
applications. This tailored approach to alloy composition is crucial for developing
advanced materials that meet the demands of various engineering fields, such as
aerospace, automotive, and manufacturing, where durability and resistance to
deformation are paramount. In conclusion, the data presented here provide an
essential foundation for advancing material science, particularly in the domain of
high-performance composites and alloys. The demonstrated influence of cobalt
and tungsten on the mechanical properties of the synthesized composite
highlights the potential for further research and development in this area, with the
ultimate aim of achieving materials that offer optimal performance under
challenging operational conditions. The comprehensive understanding of
alloying and microstructural reinforcement mechanisms underscored by this
study is invaluable for the continued innovation and enhancement of engineering
materials designed for demanding environments [64].
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3. CONCLUSIONS

This extensive study successfully explored the synthesis of copper alloys
incorporated with cobalt and tungsten, employing the advanced technique of
powder metallurgy. The production process was meticulously tailored to achieve
optimal material properties, with a two-phase procedure involving cold pressing
followed by sintering. During the cold pressing phase, a pressure of 800 MPa was
applied to compact the alloy powders, ensuring adequate densification. This was
followed by a sintering phase conducted at a temperature of 925 °C for 180
minutes under a controlled argon atmosphere. These carefully selected process
parameters were designed to enhance the structural and mechanical properties of
the resulting materials, ensuring their suitability for high-performance
applications.

Effectiveness of Powder Metallurgy: The powder metallurgy technigque
proved to be a highly effective method for fabricating copper alloys reinforced
with cobalt and tungsten. This approach successfully facilitated the pressing and
sintering of these alloys, demonstrating the reliability of powder metallurgy for
producing high-performance materials. The controlled sintering environment,
maintained under an argon atmosphere, played a critical role in achieving the
desired microstructural features, such as uniform particle distribution and
minimized porosity, which are essential for ensuring the material's mechanical
strength and durability. The sintering process, specifically the temperature and
duration chosen, was instrumental in promoting optimal densification and
interparticle bonding.

Microstructural Analysis and Porosity Reduction: The SEM images
provided detailed visual evidence of the internal structure of the alloys, revealing
a clear trend: as the content of cobalt and tungsten increased, the level of porosity
within the alloy samples decreased significantly. This reduction in porosity is a
crucial factor, as lower porosity is generally associated with enhanced mechanical
properties such as strength and durability. The uniformity of the porosity
distribution is indicative of the efficiency of the sintering and mechanical alloying
processes, which are designed to promote homogenous material formation and
prevent the formation of voids that could negatively affect the alloy’s
performance. Furthermore, the SEM-EDS analysis confirmed that the cobalt and
tungsten particles were evenly dispersed throughout the copper matrix,
underscoring the successful incorporation of these alloying elements during the
mechanical alloying phase and subsequent sintering process. This homogeneous
distribution contributes to the material’s overall uniformity and mechanical
integrity, which are vital for its reliability in demanding applications.
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Microhardness Testing and Enhanced Mechanical Properties: The
microhardness measurements taken across the sample surfaces revealed a notable
increase in hardness, with the measured value reaching approximately 192
Vickers. This substantial enhancement in hardness is closely associated with the
formation of hard phases, particularly carbides, within the alloy microstructure.
The introduction of cobalt and tungsten particles played a key role in facilitating
the formation of these hard phases, which are known to significantly improve the
wear resistance and overall mechanical strength of the material. The formation of
carbides and other hard phases is a well-established mechanism for strengthening
alloys, as they hinder dislocation movement and provide resistance to plastic
deformation, both of which are critical factors for materials used in applications
subject to high stress, wear, and impact. As a result, the alloys produced in this
study exhibit significantly improved mechanical properties, making them well-
suited for use in environments where durability and resistance to wear are
essential.
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1. Introduction

In recent years, high entropy alloys (HEAs) have emerged as a
groundbreaking development in materials science, challenging the traditional
concepts of alloy design with their multi-component and highly mixed structures.
Conventional alloys are typically designed with a primary element as the base, to
which smaller amounts of other elements are added. For instance, stainless steel
is produced by adding elements like nickel, chromium, and molybdenum to a
primary iron base. However, high entropy alloys consist of at least five different
elements combined in equal or similar proportions, with no dominant base
element. This innovative alloying approach pushes the boundaries of
conventional alloy design, offering a completely new perspective to materials
science.

The discovery of HEAs is rooted in the role of entropy in thermodynamics. In
traditional alloys, thermodynamic stability is achieved through low entropy,
meaning that specific phases remain stable around primary components. HEAS,
on the other hand, benefit from high entropy to stabilize multiple phases within a
complex composition. This unique influence of entropy helps occure stable
microstructures, significantly affecting the stability of the alloy's structure.
Moreover, thanks to the vast combinations of elements available for HEASs, they
can achieve exceptional performance in terms of both mechanical and thermal
properties.

These next-generation materials are known for their resilience, high-
temperature resistance, corrosion resistance, and low density, making them
extremely promising for various industries. For example, the aerospace and
defense industries have shown significant interest in HEAs for applications that
require high strength and durability at elevated temperatures. Additionally, the
chemical industry finds them suitable for resisting corrosive environments.

Research into high entropy alloys has highlighted their significance not only
in academic contexts but also in commercial and industrial applications. Studies
exploring HEA production techniques, element combinations, and application
areas are steadily increasing. The design of these alloys aims to harness the
thermodynamic advantages of high entropy to achieve extraordinary properties,
which is why they are often referred to as “designer alloys.”

This chapter will delve into the fundamentals of high entropy alloys, including
their microstructural characteristics, production methods, thermodynamic
framework, mechanical and chemical properties. The discovery of high entropy
alloys has ushered in an exciting wave of innovation in materials science, offering
a robust alternative to traditional alloying approaches.
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2. High Entropy Alloys: Fundamental Concepts

Recently, high entropy alloys (HEAs), also referred to as multi-component
alloys, have attracted considerable interest due to their distinct compositions,
microstructures, and adaptable properties. These alloys are typically composed
of at least five elements in equal or nearly equal ratios, forming a solid solution
[1-4]. The near-equal proportions of multiple elements occure high mixing
entropy, which reduces the likelihood of intermetallic phase formation and
instead favors the development of simple solid solutions with face-centered cubic
(FCC), body-centered cubic (BCC), or a combination of these crystal structures
[5-7].

HEAs exhibit remarkable toughness, exceptional resistance to softening at
high temperatures [8], significant ductility [1], strong fatigue resistance [9],
outstanding wear resistance [10, 12], high hardness [11-13], and hihg corrosion
resistance [14-16].

In a thermodynamic system under isothermal and isobaric conditions, the
system strives to minimize Gibbs free energy (G), meaning that equilibrium is
achieved when "G" reaches its lowest value. Therefore, the free energy of a
system is given by the following relation [6]:

G=H-TS (1)

Here, "H" represents enthalpy, "S" represents entropy, "G" represents free
energy, and "T" represents temperature. It can be seen that the enthalpy and
entropy of the system at a given temperature are directly related to establishing
equilibrium. To predict the equilibrium phase of an alloy, the free energy change
during the transition from elemental state to other states can be compared,
allowing identification of the phase with the lowest mixing free energy. Equation
(1) can be related to changes in free energy, enthalpy, and entropy between the
elemental and mixed states as follows [6]:

AGmix=AHmix—TASmix (2)
According to the stated Boltzmann hypothesis, the mixing entropy of an n-
element equimolar alloy in transition from the elemental to a random solution

state can be calculated by the following equation [6]:

ASmix=RIn(n) (3)
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The “R” in Equation 3 (8.31 J/K-mol) is the gas constant [17]. According to
the literature, the result of AS mix gives rise to three types of entropy-based
alloys: low-entropy alloys, medium-entropy alloys, and high-entropy alloys.
High entropy alloys (HEA) are defined as alloys that have a mixing entropy
higher than 1.5R. These alloys are composed of at least five principal elements
in equal or nearly equal proportions. Alloys with a mixing entropy of 1R to 1.5R
are categorized as medium-entropy alloys (MEAs) [18-20], whereas those with
mixing entropy below 1R are considered low-entropy alloys (LEAS) [21-23],
which includes most conventional alloys [17]. Figure 1 shows the classification
of alloy based on mixing high entropy alloys.

Medium-Entropy Alloys

Low-Entropy Alloys

ASconf. < R

15R 2 AScony. 2 1R 4

Figure 1. The classification of alloy based on mixing high entropy alloys
[24]

3. Manufacturing of High Entropy Alloys

3.1. Powder Metallurgy

Although there are numerous production methods for high entropy alloys, this
section discusses a few of the most commonly used methods. Products
manufactured using the powder metallurgy method are transformed into higher-
performance products compared to those produced by conventional
manufacturing methods [25,26]. Powder metallurgy is perhaps the most
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commonly used method in the production of high entropy alloys [27-30]. In
powder metallurgy, the transformation of powder particles into a final product
begins with the cold pressing process. The cold pressing process involves
producing powders and consolidating them by compressing the particles into a
single piece, known as the green compact, using a pressing tool at room
temperature. In cold uniaxial pressing, the prepared powder is loaded into a die
positioned between two punches. These punches then apply pressure in a single
direction, compacting the powder particles through uniaxial compression. After
the cold press, the process continues with sintering, as the products have weak
bonds that can break into small pieces under even slight stress. Through sintering,
powder particles bond to each other at high temperatures via a mechanism known
as 'necking.' This enables the final product to attain the desired geometric and
mechanical properties. Sintering is a densification method in which powder
particles are compacted and shaped by applying heat below their melting or
liquefaction point, typically in an inert gas atmosphere [26]. Figure 2 shows the
schematic of sintering process.

Diffusion
N~
Raw powder W Grain Grain boundary
Pore
vV
R
Sintering
Molded body Sintered body

Figure 2. The schematic of sintering process [36]

Gas atomization is a technique where molten metals are directly converted
into solid powder particles using a gas or liquid stream. A typical gas atomization
setup has two main stages: first, the furnace chamber, where the metal powders
(called the charge) are melted under a vacuum to reach the required temperature;
second, the atomizing chamber, where the molten metal flows from the tundish
through a nozzle at its base. As the molten metal flows by gravity through the
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tundish, the atomizing nozzle breaks the liquid stream into fine droplets with a
high-pressure gas or water jet, which rapidly solidify into powder particles
[31,32]. The particle size of the metal powders is influenced by factors such as
the cooling distance, coolant pressure and velocity, coolant flow rate, liquid flow
rate and velocity, impingement angle, superheat, surface tension of the metal, and
its melting range [33]. It has been observed that the mechanical properties of high
entropy alloy powders produced by gas atomization are improved. In a study,
researchers produced CoCrFeMnNi HEA powder with gas atomization and then
make samples by use mechanical alloying. The findings showed that this HEA
exhibited strong mechanical properties, with a tensile strength of approximately
1.0 GPa and a ductility around 6%, along with nanocrystalline structures when
compared to the gas atomization route alone [34]. In antother research, a non-
equiatomic CrFeCoNiMoo.. HEA was synthesized and evaluated its mechanical
performance at 600—1100 °C. The added Mo contributed to higher activation
energy, lattice distortion, and grain refinement, resulting in beneficially improved
mechanical properties [35].

3.2. Melting and Casting Techniques

We can also produce a HEA with conventional production such as melting
crude metals. One of the most important of these is the arc melting method. The
arc melting process includes low energy consumption, time efficiency, and
reduced porosity of products. In arc melting process, alloy ingots are placed in
metallic crucibles and melted using a tungsten electric arc under an inert argon
atmosphere, after the chamber is vacuumed to prevent oxidation. The alloy ingots
are repeatedly melted by the arc melting process and then solidified by a coolant
positioned beneath the metallic crucible to ensure uniformity within the alloy. In
the arc melting method, metal powders can also be used instead of metal ingots
[33].

Another melting HEA production method is vacuum induction melting. This
process involves heating electrically conductive materials using electromagnetic
induction, which occurs a magnetic field. It induces an electrical current, known
as an Eddy current, within the conductive materials, which is then used to heat
them. The ingot placed inside the crucible furnace resists the input current,
causing the magnetic field to form through the conducting materials, rapidly
melting them from the inside. However, the most important disadvantage of this
method is re-melted the ingots several times to achieve a homogeneous HEA.
[37,38]. During the final melting stage, the molten HEAs are poured into the
desired mold and allowed to solidify. This melting process must be performed
under a high vacuum. Figure 3 shows this process.
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Figure 3. Vacuum arc melting process [39]

The vacuum induction melting process offers the benefits of precise control
over heating and cooling rates, in contrast to the arc melting process, as well as
achieving better homogeneity. Additionally, the vacuum media helps prevent
oxidation [33].

4. Properties of High Entropy Alloys

In high entropy alloys, the added alloying elements have various effects. The
mechanical properties of the alloy can be influenced, examples of which include
increased hardness, improved ductility, high fracture toughness, and enhanced
strength [40]. Additionally, studies in the literature have clarified how the added
metals influence the mechanical properties of high entropy alloys by affecting the
microstructure through changes in crystal lattice structure, diffusion effects of
elements, and lattice energies.

Studies in the literature show that the presence of aluminum [41], as well as
metals and alloys with face-centered cubic (FCC) lattice structures, such as Ni-
Al and Cr-Fe [42], encourages high entropy alloys to form in the same lattice
structure. Additionally, research indicates that adding elements like aluminum
[43], vanadium [44], and cobalt [45] to high entropy alloys increases the hardness
of the resulting alloy. The improvement of ductility and strength in high entropy
alloys can be achieved through heat treatments [46,47].
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Conclusions

High entropy alloys (HEAs) represent a transformative advancement in
materials science, breaking away from conventional alloy design with their multi-
component configurations and reliance on high entropy to stabilize complex
structures. This unigque alloying approach has shown the potential to significantly
enhance mechanical and thermal properties. Through various production
techniques, such as powder metallurgy, gas atomization, arc melting, and vacuum
induction melting, HEAs can be optimized to meet the demands of high-
performance applications.

HEAs exhibit superior strength, hardness, ductility, and corrosion resistance,
alongside remarkable thermal stability. These attributes make them highly
desirable for industries such as aerospace, defense, and chemical processing,
where materials are subjected to extreme conditions. The incorporation of
elements like aluminum, vanadium, and cobalt, along with appropriate heat
treatments, has proven effective in further improving the mechanical performance
and structural integrity of HEAs. Moreover, the adaptability of HEASs, owing to
their complex microstructures and the diversity of possible element
combinations, underscores their potential for extensive future research and
practical applications.

In summary, the study and application of high entropy alloys open new
avenues for alloy design, providing innovative solutions to challenges in
engineering and industrial applications. Continued research will be crucial in
exploring additional element combinations, refining production processes, and
understanding the thermodynamic and microstructural factors that influence their
performance. HEAs have established themselves as a promising material class
with the potential to redefine industry standards, advancing materials science into
a new era of alloy innovation.

51



REFERENCES

[1]. Gludovatz, B., Hohenwarter, A., Catoor, D., Chang, E. H., George, E.

P., & Ritchie, R. O. (2014). A fracture-resistant high-entropy alloy for
cryogenic applications. Science, 345(6201), 1153-1158.

[2]. Zhang, Y., Zuo, T. T., Tang, Z., Gao, M. C., Dahmen, K. A,, Liaw, P. K.,
& Lu, Z. P. (2014). Microstructures and properties of high-entropy alloys.
Progress in materials science, 61, 1-93.

[3]. Cantor, B., Chang, I. T. H., Knight, P., & Vincent, A. J. B. (2004).
Microstructural development in equiatomic multicomponent alloys. Materials
Science and Engineering: A, 375, 213-218.

[4]. Yeh, J. W., Chen, S. K., Lin, S. J., Gan, J. Y., Chin, T. S, Shun, T. T., ...
& Chang, S. Y. (2004). Nanostructured high-entropy alloys with multiple
principal elements: novel alloy design concepts and outcomes. Advanced
engineering materials, 6(5), 299-303.

[5]. Wu, J. M., Lin, S. J., Yeh, J. W., Chen, S. K., Huang, Y. S., & Chen, H.
C. (2006). Adhesive wear behavior of AIxCoCrCuFeNi high-entropy alloys as a
function of aluminum content. Wear, 261(5-6), 513-519.

[6]. Erdogan, A., & Zeytin, S. (2019). Yiiksek Entropili Alasimlar: Prensipler
Ve Alasim Tasarimi. Nigde Omer Halisdemir Universitesi Miihendislik Bilimleri
Dergisi, 8(2), 1160-1178.

[7]. Santodonato, L. J., Zhang, Y., Feygenson, M., Parish, C. M., Gao, M. C.,
Weber, R. J.,, .. & Liaw, P. K. (2015). Deviation from high-entropy
configurations in the atomic distributions of a multi-principal-element alloy.
Nature communications, 6(1), 5964.

[8]. Wu, W. H,, Yang, C. C., & Yeh, L. W. (2006, November). Industrial
development of high-entropy alloys. In Annales de Chimie-Science des
materiaux (Vol. 31, No. 6, p. 737). Paris; New York: Masson, 1978-.

[9]. Hemphill, M. A, Yuan, T., Wang, G. Y., Yeh, J. W., Tsai, C. W., Chuang,
A., & Liaw, P. K. (2012). Fatigue behavior of Al0. 5CoCrCuFeNi high entropy
alloys. Acta Materialia, 60(16), 5723-5734.

[10]. Lee, C. P, Chen, Y. Y., Hsu, C. Y., Yeh, J. W., & Shih, H. C. (2007).
The effect of boron on the corrosion resistance of the high entropy alloys AlO.
5CoCrCuFeNiB x. Journal of the Electrochemical Society, 154(8), C424.

[11]. Fan, X, Qu, R., & Zhang, Z. (2021). Relation between strength and
hardness of high-entropy alloys. Acta Metallurgica Sinica (English Letters),
34(11), 1461-1482.

[12]. Samoilova, O., Shaburova, N., Moghaddam, A. O., & Trofimov, E.
(2022). AlO. 25CoCrFeNiSi0. 6 high entropy alloy with high hardness and
improved wear resistance. Materials Letters, 328, 133190.

52



[13]. Yilmaz, A. M., Cicek, H., Duran, S., Giilten, G., & Efeoglu, 1. (2024).
Investigation of hardness, tribological and adhesion properties of TiAINiVN
HEA films heat treated at different temperatures. Tribology International, 197,
109739.

[14]. Wu, P., Gan, K., Yan, D., Fu, Z., & Li, Z. (2021). A non-equiatomic
FeNiCoCr high-entropy alloy with excellent anti-corrosion performance and
strength-ductility synergy. Corrosion Science, 183, 109341.

[15]. Hsu, Y. J., Chiang, W. C., & Wu, J. K. (2005). Corrosion behavior of
FeCoNiCrCux high-entropy alloys in 3.5% sodium chloride solution. Materials
Chemistry and Physics, 92(1), 112-117.

[16]. Hsu, Y. J., Chiang, W. C., & Wu, J. K. (2005). Corrosion behavior of
FeCoNiCrCux high-entropy alloys in 3.5% sodium chloride solution. Materials
Chemistry and Physics, 92(1), 112-117.

[17]. Carroll, R., Lee, C., Tsai, C. W., Yeh, J. W., Antonaglia, J., Brinkman,
B. A, ... & Dahmen, K. A. (2015). Experiments and model for serration statistics
in low-entropy, medium-entropy and high-entropy alloys. Scientific reports, 5(1),
16997.

[18]. Akkas, M. (2024). The Effect of Molten Salt on The Mechanical
Properties and Microstructure of CuNiSi Alloys with Reinforced Fe. Science of
Sintering, 56(1).

[19]. Akkas, M., K Tabonah, T. M., A Elfghi, A. M., & Ozorak, C. (2023).
Powder Metallurgical Fabrication Of Co Remforced Cunist Matrix Composites:
Microstructural And Corrosion Characterization. Technological Applied
Sciences, 18(4), 64-74.

[20]. Ozorak, C., Tabonah, T. M. K., & Akkas, M. (2023). Production of
CuNiSi Composites by Powder Metallurgy Method: Effects of Ti on the
microstructural and corrosion properties. European Journal of Technique (EJT),
13(2), 88-93.

[21]. Tun, K. S., Nahata, A., Vincent, S., & Gupta, M. (2023). Development
of a low entropy, lightweight, multicomponent, high performance (Hardness+
Strength+ Ductility) magnesium-based alloy. JOM, 75(2), 459-469.

[22]. Kaneko, T., & Suzuki, M. (2003, July). Automotive applications of
magnesium alloys. In Materials science forum (Vol. 419).

[23]. Tun, K. S., Kumar, A., & Gupta, M. (2019). Introducing a high
performance Mg-based multicomponent alloy as an alternative to Al-alloys.
Frontiers in Materials, 6, 215.

[24]. Sharma, P., Dwivedi, V. K., & Dwivedi, S. P. (2021). Development of
high entropy alloys: A review. Materials Today: Proceedings, 43, 502-509.

53



[25]. Akkas, M., Hakan, A. S., & Polat, S. (2023). Effect of Ni: Si ratio on
microstructure and properties of powder metallurgical Corson alloy. Science of
Sintering, 55(4), 425-436.

[26]. Akkas, M., & Elfghi, A. M. A. (2022). TiB2 parg¢acik takviyeli alcumg
kompozitlerin {iretilebilirliginin arastiritlmasi. Uluslararasi Dogu Anadolu Fen
Miihendislik ve Tasarim Dergisi, 4(2), 118-128.

[27]. Qiu, X. W. (2013). Microstructure and properties of AlCrFeNiCoCu
high entropy alloy prepared by powder metallurgy. Journal of Alloys and
Compounds, 555, 246-249.

[28]. Zhang, B., Huang, Y., Dou, Z., Wang, J., & Huang, Z. (2024). Refractory
high-entropy alloys fabricated by powder metallurgy: Progress, challenges and
opportunities. Journal of Science: Advanced Materials and Devices, 100688.

[29]. Hidayati, R., Kim, J. H., Kim, G., Yun, J. H., & Rhyee, J. S. (2024).
Powder metallurgical process to enhance the critical current density and critical
magnetic field in high entropy alloy superconductors. Current Applied Physics.

[30]. Nagarjuna, C., Sharma, A., Lee, K., Hong, S. J., & Ahn, B. (2023).
Microstructure, mechanical and tribological properties of oxide dispersion
strengthened CoCrFeMnNi high-entropy alloys fabricated by powder metallurgy.
journal of materials research and technology, 22, 1708-1722.

[31]. Akkas, M., & Boz, M. (2019). Investigation of the compressibility and
sinterabilty of AZ91 powder production and particle production by gas
atomisation method. Journal of magnesium and alloys, 7(3), 400-413.

[32]. Em Akra, K. M., Akkas, M., Boz, M. U. S. T. A. F. A., & Seabra, E.
(2020). The production of AZ31 alloys by gas atomization method and its
characteristics. Russian Journal of Non-Ferrous Metals, 61, 332-345.

[33]. Alshataif, Y. A., Sivasankaran, S., Al-Mufadi, F. A., Alaboodi, A. S., &
Ammar, H. R. (2020). Manufacturing methods, microstructural and mechanical
properties evolutions of high-entropy alloys: a review. Metals and Materials
International, 26, 1099-1133.

[34]. Liu, Y., Wang, J., Fang, Q., Liu, B., Wu, Y., & Chen, S. (2016).
Preparation of superfine-grained high entropy alloy by spark plasma sintering gas
atomized powder. Intermetallics, 68, 16-22.

[35]. Wang, J., Liu, Y., Liu, B., Wang, Y., Cao, Y., Li, T., & Zhou, R. (2017).
Flow behavior and microstructures of powder metallurgical CrFeCoNiMo0. 2
high entropy alloy during high temperature deformation. Materials Science and
Engineering: A, 689, 233-242.

[36]. Uchino, K. (2017). Manufacturing methods for piezoelectric ceramic
materials. In Advanced Piezoelectric Materials (pp. 385-421). Woodhead
Publishing.

54



[37]. Icin, K., Sunbul, S. E., Erdogan, A., & Doleker, K. M. (2023). A
comparative study on the surface degradation mechanisms of arc melted and laser
remelted CoCrFeNiAlO. 5Nb0. 5 HEA. Surface and Coatings Technology, 463,
129534.

[38]. Joseph, J., Jarvis, T., Wu, X., Stanford, N., Hodgson, P., & Fabijanic, D.
M. (2015). Comparative study of the microstructures and mechanical properties
of direct laser fabricated and arc-melted AIxCoCrFeNi high entropy alloys.
Materials Science and Engineering: A, 633, 184-193.

[39]. Zhang, Y., Zuo, T. T., Tang, Z., Gao, M. C., Dahmen, K. A., Liaw, P.
K., & Lu, Z. P. (2014). Microstructures and properties of high-entropy alloys.
Progress in materials science, 61, 1-93.

[40]. Meyers, M. A., & Chawla, K. K. (2008). Mechanical behavior of
materials. Cambridge university press.

[41]. Li, C., Li, J. C., Zhao, M., & Jiang, Q. (2010). Effect of aluminum
contents on microstructure and properties of AIXCoCrFeNi alloys. Journal of
Alloys and Compounds, 504, S515-S518.

[42]. Pradeep, K. G., Wanderka, N., Choi, P., Banhart, J., Murty, B. S., &
Raabe, D. (2013). Atomic-scale compositional characterization of a
nanocrystalline  AICrCuFeNiZn high-entropy alloy using atom probe
tomography. Acta Materialia, 61(12), 4696-4706.

[43]. Tsai, M. H., & Yeh, J. W. (2014). High-entropy alloys: a critical review.
Materials Research Letters, 2(3), 107-123.

[44]. Chen, M. R., Lin, S.J., Yeh, J. W., Chuang, M. H., Chen, S. K., & Huang,
Y. S. (2006). Effect of vanadium addition on the microstructure, hardness, and
wear resistance of Al 0.5 CoCrCuFeNi high-entropy alloy. Metallurgical and
Materials Transactions A, 37, 1363-1369.

[45]. Hsu, C. Y., Wang, W.R., Tang, W. Y., Chen, S. K., & Yeh, J. W. (2010).
Microstructure and mechanical properties of new AlCoxCrFeMo0. 5Ni High-
Entropy Alloys. Advanced Engineering Materials, 12(1-2), 44-49.

[46]. Senkov, O. N., Senkova, S. V., & Woodward, C. J. A. M. (2014). Effect
of aluminum on the microstructure and properties of two refractory high-entropy
alloys. Acta Materialia, 68, 214-228.

[47]. Senkov, O. N., Scott, J. M., Senkova, S. V., Meisenkothen, F., Miracle,
D. B., & Woodward, C. F. (2012). Microstructure and elevated temperature
properties of a refractory TaNbHfZrTi alloy. Journal of Materials Science, 47,
4062-4074.

55



Chapter 4

DRIVE MECHANISMS AND STICK-SLIP PHENOMENON IN
PRECISION MANUFACTURING MACHINES

Engin NAS!

! Assoc. Prof. Dr., Engin Pak Cumayeri Vocational School, Diizce University, Diizce, Turkey
https://orcid.org/0000-0002-4828-9240

56



1. CNC Control Systems

In today's technological age, traditional machine tools have been replaced by
computer-controlled machine tools. One of the most important reasons for this is to
minimize the loss of time and money by producing the workpieces to be made
precisely and quickly. With the advancing technological developments, machines
are constantly modified and improved. CNC-controlled machine tools allow the
production of much more precise workpieces compared to traditional machines.
The most critical elements affecting this precision are the drive mechanisms of the
machine. Let's compare the movement given to the table of traditional machine
tools with the movement given to the CNC-controlled machine tool. There is a
standard movement mechanism in the conventional machine, while this mechanism
in the CNC-controlled machine allows the production of more precise parts in
terms of measurement precision thanks to the ball screw system. Today, scientists
continue their studies to increase this precision even more by developing different
drive mechanisms. In this study, firstly, information is given about the electric
motors that move the machine. Then in the next stages, information is provided
about the servo mechanisms that move the machine table or spindles, the ball
screws that enable the machines to move, and the parameters that we will use to
minimize the errors that occur during sudden stops and starts in the machines, and
how to make a selection that is suitable for the design system.

A control system is a device or group of devices used to manage, command,
direct, or regulate a system's behavior [1]. Given a certain input, a control system is
made up of subsystems or facilities that work together to produce the required
output with the desired performance [2]. The cutting tool in contemporary
production machine tools carries out two fundamental tasks: chip removal and part
movement. The servo system is supported by the system that performs this
function. The regulation function is required to maintain the controlled item in the
intended position when the external distribution is present in maneuver control. A
common illustration of point-to-point control is placing a drill bit in a machining
center. In tracking control, a controlled tool is moved along a desired trajectory,
minimizing the error during the trajectory transition. An example of tracking
control is the milling of circular workpieces [2].

A DC motor is used as a power set to drive the feed mechanism in the servo
system. Compared with the AC motor control, the drive circuit of the DC motor is
more straightforward and more reliable. In addition, the speed adjustment accuracy
and dynamic response characteristics of the DC motor are more ideal than those of
AC, with higher speed adjustment accuracy and an extensive speed range [2].
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The components in two-axis machines are as follows.

1.1. Linear guides

They are precise devices made to turn a movement or torque into thrust,
controlling the actual physical movement of any mechanism on a production line.
A base, a saddle, set screws, and a flat rib make up linear guides. When subjected
to unexpected loads, linear guides are highly resilient [1].

Some of the advantages of using linear guides are:

i.It is simple to transport goods weighing various weights, from little loads to
several hundred kilos.

ii.Items can be carried between 2.5 millimeters and 1.5 meters.

iii. They move the load rapidly to its final location.

iv.The final positioning can be measured in microns, which are millionths of a
meter, because they precisely place weights [2].

Industries that require linear guideways for high levels of precision in
manufacturing [3]:

(a) Machine tool assembly and industrial robots

(b) Production of fiber optic and photonic components

(c) Manufacturing of semiconductors and electronic devices

(d) Manufacturing medical equipment [1].

1.2. Ball bearing slides

A kind of linear slide frequently seen in industrial equipment. Four rods hold
the two rows of balls on either side of the base together in ball-bearing slides. The
purpose of the two rows of balls is to roll along the rods and remove play from the
slides, resulting in precise, low-friction action [1].

1.3. Dovetail slides

Typically constructed of cast iron, dovetail slides can also be manufactured of
stainless steel and hard-coated aluminum. Like any bearing, dovetail slides consist
of a fixed linear base and a moving carrier block. The dovetail slide has a v-shaped
or dovetail slide-shaped protruding channel corresponding to the linear base of the
carrier block. When the dovetail slide is inserted into its base's channel, it locks to
the linear axis of the carrier channel and allows free linear movement [2].

Unlike ball-bearing slides, dovetail slides have direct contact between the base
and the saddle. Due to this contact, more effort is required to move the saddle and
slow down the acceleration rates. The contacting surfaces affect a larger area
compared to other types of slides, allowing dovetail slides to be used in heavy-load
applications and different industrial areas [1].

58



1.4. Machine slides

Machine slides are mostly used to perform linear motion on conventional and
CNC machines. Several components are required to move the machine slide, such
as AC/DC motor, ball bearing slide and roller slide. Machine slides can have one,
two, or more axes. Standard machine slides include linear guide, reinforced road,
and tail slides [2].

1.5. Roller slides

They employ rollers that travel between four parallel, semi-flat bars that
encircle the rollers and cross at a 90-degree angle. The rollers are situated on the
base and the upper carriage, respectively, between "V" grooved roller-bearing
races. Crossed roller slides absorb more shocks and support twice as much weight
as ball-bearing slides. They can also be layered to produce multi-axis linear
motion. Because roller slides may be modified for many applications, they are
incredibly adaptable [1].

1.6. Cylinder tables

Cylinder tables are the quietest type of table with bearings and consist of a
longitudinally aligned front and rear sliding surface. The lifting arms are pivoted on
the bearing bar to secure them to the rear support group [2].

1.7. XY table

Motor mounting plates, couplings, ball screws, a sizable base, and a top plate
are among the forces and plates that make up XY tables. The force travels
constantly in a linear motion along the plate while sliding over it on frictionless air
bearings. This is due to the linear motor modules, usually two to four in number,
which react to currents.

In XY tables, the tracks influence rigidity, load capacity, and straight-line
accuracy, while the drive mechanisms determine speed and smoothness.
Resolution, accuracy, and repeatability are additional crucial elements for XY
tables. XY tables are usually mounted horizontally. Since XY tables are widely
used in the industry, there is no such thing as unavailability in terms of supply [1].

The two primary varieties of electric motors are direct current (DC) and
alternating current (AC). The uses and purposes of the two kinds of motors are
distinct. We use both DC and AC electric motors on a daily basis. DC motors
brought about a major shift in the manufacturing of various items. The introduction
of AC motors altered people's perceptions of motors because of its amazing
potential for starting power. Servo systems and other applications needing precise
speed control frequently use DC motors [2].
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2. Types of Control in CNC Machine Tools

Over the past few decades, digital and computer technologies have become
increasingly important in engineering. By boosting engineering productivity,
improving product quality, and building databases pertaining to production
processes, these systems—which assist the development, research, production, and
optimization processes—have grown to be an essential component of today's
industry [4] .

Some subsystems that aid in the proper operation of machines use auxiliary
drives. The performance, precision, speed, efficiency, and cost of machines are
typically significantly improved by the use of such drives. They enable the
processing of parts with more intricate geometric shapes under more demanding
conditions.

Auxiliary drives in various machine tool classes can differ based on the central
units' organization, configuration, and other characteristics. CNC systems operate
auxiliary drives and carry out the operating modes that the control panels specify.
This is accomplished with the use of the pertinent ladder diagrams stored in the
CNC system's programmable controller [5, 6].

The drive system includes auxiliary drives for the cooling system, metering
lubrication, hydraulic system, tool storage, and fixed positioning unit. Each of
these drives has unique qualities that must be considered throughout the
development, implementation, operation, and real-world application stages. The
following is a formulation of the fundamental specifications for the auxiliary drives
of the machines being studied:

e automatic control

e quick arrival at the desired position

e  smooth operation

e  potential for reverse control

e minimal energy consumption

e options for both automatic and manual start and stop

e the ability to set the lubricants in the ideal amounts

e trouble-free chip removal

e automatic subsystem operation

e  subsystem blocking

e guaranteeing the workpiece's immobility during processing

e making sure the machine has the lubrication and cooling it needs

e compactness

e  safety and economy.
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The earliest models of lathes were made to be able to be operated by the hands.
At the beginning of their production, the rotating spindle, which was controlled by
a pedal, was later replaced by electric motors. Manually operated lathes still have
their slide movements controlled by humans. The brain serves as the core control
unit in classic lathes, while the limbs and legs are servo motors, the eyes and ears
are sensors. Microprocessor technological advancements have replaced operator
skills with digital system control, eliminating the need for manually controlled
movements. In general, there are three categories into which CNC lathe control
types fall [7].

1) Control of spindle speed

2) Control of slide movements

3) Control of slide positions

2.1 Spindle Speed Control

The drive mechanism that will move the spindle provides the necessary power
for the system to operate at the desired accuracy in line with the process to be
performed. The spindle drive mechanism in numerical control lathes should
compensate for the friction losses caused by mechanical power transmission and
ensure the system operates efficiently. For example, the drive mechanism should be
given high power output to provide constant power in high chip removal by
increasing the feed at a low cutting speed. As an additional illustration, with lathes,
the cutting speed must be maintained while the chips are being removed from the
workpiece's diameter, there must be a system that will allow the spindle speed to
reach the desired speed with each reduction in diameter. In numerical control
lathes, servo-electric motors must be used so that the drive mechanisms can
perform the functions described above. These are direct (DC) electric and
alternating (AC) electric motors. Speed is provided by changing the voltage in DC
motors and by changing the source frequency in AC motors.

2.2 Slide Movement Control

In computer-controlled lathes (CNC), the progress speed of the slide
movements is continuously controlled precisely. The most basic function of CNC
lathes is to provide precise and fully automatic movement. Slide movements of
computer-controlled lathes are performed with DC and AC servo electric motors.

2.3. Slide Position Control

The slides that move the workpiece in the lathe or milling machine are
controlled by alternating (AC) and direct (DC) motors. In direct current motors, the
speed depends on the main voltage and current intensity. The speed is directly
proportional to the voltage given to the motor and inversely proportional to the
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excitation current. The motor torque depends only on the excitation current and the
armature (rotating part of the direct current machine) current intensity. Increasing
the speed is achieved by reducing the excitation current with a rheostat (a device
that changes the resistance of the conductor). This change is made according to the
power required for the machine. Since DC motors can be used in most modern
machines by changing the input voltage, the desired speed can be obtained and a
constant cutting speed can be provided.

There are also machine tools operating with AC maotors. Asynchronous and
short-circuit AC motors, especially squirrel cage motors, are generally used in
machine tools. AC motors require a step drive system with a range of spindle
speeds. In the design of CNC machine tools, drive motors are traditionally used for
rotational motion and ball screw shafts for table movement. In machine tools, slip-
ring asynchronous motors are also used to protect the network and the motor from
high starting currents. Asynchronous motors are suitable for frequent stopping and
starting. The frequency is changed to increase the speed of these motors above
3000 rpm [8-10].

3. Drive Mechanisms

The electric drive system is subjected to strong demands from various
mechanical processes, necessitating the best choice of motors, power converters,
sensors, and mechanical gears. A spindle, auxiliary, and feed drives are part of the
machine tools' drive system. Feed drives are used to quickly and precisely move
tools and workpieces to the correct coordinates [6]. Spindle drives significantly
impact the overall machine's performance and quality while also contributing to
creating workpieces. Other systems and procedures that guarantee the efficient
operation of machine tools use auxiliary drives.

Adding the right auxiliary drives can sometimes greatly increase efficiency,
accuracy, cost, and performance. Additionally, it can allow workpieces with more
intricate geometric shapes to be mechanically processed. Several variations of
machine tool drive systems use alternating current (AC) and direct current (DC)
motors. The behavior of these systems in different transient and steady-state
operating modes can be thoroughly studied using computer modeling [6]. This
great opportunity isn't always practical or feasible in industrial and laboratory
settings.

Gravity and friction are the two most common forces encountered in mechanics.
The first has been studied in every era, while the second has been largely
neglected. The advent of conventional and CNC machines operating to very close
tolerances under a wide range of conditions has shown that our understanding of
the sliding process is inadequate. For instance, nuclear power plants' heat
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exchanger pumps and jet engines are resulting in lubricating issues that have never
been seen before. As a result, scientists have recently reexamined the rules of
friction and discovered unexpected discoveries. The force of friction is defined by
three rules: (1) the friction force is proportional to the load or pressure that one
solid body applies to the other; (2) the force is independent of the area of contact;
and (3) the force is independent of the sliding speed. Leonardo da Vinci articulated
the first two laws, which were later rediscovered in the 1690s by Guillaume
Amontons, a French engineer supported by the Royal French Academy of Sciences
[11].

Charles Augustin de Coulomb, a French scientist best renowned for his
electrostatic studies, first proposed the third law in 1785 [12]. It is claimed that the
coefficient of friction for any given material must always be the same and that
friction only varies with the applied load. With a maximum variance of 10%, the
first and second laws are often applicable. Studies have revealed that friction is not
unaffected by sliding speed, though. A. Morin, a Frenchman, postulated in 1835
that there must be two friction coefficients since the friction force preventing two
bodies from sliding at rest is stronger than the friction force after they have moved.
These are categorized as kinetic for moving surfaces and static for stationary
surfaces.

4. Stick-Slip phenomenon

A well-known illustration of vibration caused by friction is stick-slip behavior.
It typically manifests as unstable motion during the machine's starting and stopping
phases in dry friction, boundary lubrication, and mixed lubrication situations. All
mechanical systems exhibit stick-slip behavior, which is also expected and
seriously damaging. Examining stick-slip behavior and offering preventative
measures are essential to comprehending vibrations caused by friction and have
significant ramifications for the advancement of industry [13].

Many researchers have found that both static and kinetic coefficients change
due to their studies. It has been observed that the kinetic coefficient decreases as
the sliding speed increases. The static coefficient, on the other hand, is stated to
depend to some extent on the length of time that the surfaces are in contact;
therefore, the friction coefficient for any pair of surfaces is grouped under two
headings: the static coefficient, which depends on the contact time, and the kinetic
coefficient, which depends on the sliding speed. The deterioration of friction, i.e.,
the rapid change of the friction force, has given rise to the "Third Law" of stick-
slip.

A common occurrence seen in friction tests is stick-slip. It happens when two
objects in touch oscillate in speed between zero and a finite value. Two primary
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conditions must be met for the stick-slip phenomenon (SS) to occur [14]. A
common occurrence in day-to-day living is stick-slip. It is typically identified by
the sound it produces. The squeaking of bicycle wheels, the rattling of window
sills, the severe vibrating of drawbridges, chalk on the board, melody from an
instrument, and noise from lubricated-less doors are all typical instances of stick-
slip.

1. Because ps > pk (s = static, k = kinetic), the coefficient of friction is variable.

2. The system is adaptable enough to accommodate variations in the sliding
body's speed.

In general, stick-slip is an undesirable behavior in most cases, and stick-slip has
areas of use. A violinist does his best to encourage stick-slip by rosining his bow to
produce music. A metal cutting tool must slide smoothly on the material. The
cutting surface will be rough and irregular when a stick-slip occurs during sliding.
It is observed that the sound that appears in the drive mechanism of a gramophone
is spread into the environment in a distorted way [12].

There are three main methods to improve stick-slip in unwanted places. First,
the sliding speed can be changed. This sometimes means slowing down and
sometimes speeding up. For example, if a car's tires turn a corner quickly, they
squeak, but if the turn is slow, they do not squeak; on the other hand, a door that
squeaks when opened slowly may be silent when opened quickly. Second, reducing
the stored energy in systems whose intermittent oscillation causes stick-slip is
necessary. For example, hardening the spring will achieve this goal. Lubricating the
sliding surfaces is the third and most popular technique.

A lubricant forms a soft film with much less frictional resistance than the
surface of a metal. As the surfaces slide, the lubricant film gradually wears away
and the parts of the metal surfaces come into contact. As long as the lubricant film
coverage is 90% or higher, stick/slip slippage cannot occur. However, when the
lubricant film coverage drops to 75%, stick/slip becomes very likely. The squeak
that arises at this stage is a warning because it serves as a warning that the lubricant
needs to be replaced. In this case, using a quality lubricant will prolong the stick-
slip phenomenon. Some poor-quality lubricants never achieve even 90% coverage,
no matter how much is applied [12]. Mechanical systems experience friction, a
physical phenomenon that typically negatively impacts their motion, including
stick-slip oscillations, steady-state errors, and poor tracking and contouring
capabilities. Understanding the friction behavior of a mechanical system is
typically the foundation for creating an effective friction model. However, because
a variety of parameters, including the material, lubricant, and surface texture of the
bodies in contact, influence friction behavior, modeling friction is difficult [15].
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Although stick-slip is a natural condition of the machines used in machining
production, studies are being carried out in the field of engineering to reduce this
condition. With the studies carried out by scientists working in this field, even if
stick-slip cannot be eliminated, it can be reduced to a minimum level. With the
reduction of this condition, an increase in product quality and a decrease in
production costs will occur.
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The purpose of this work is to examine the mechanical and microstructural
characteristics of powder metal (PM) steels with varying molybdenum (Mo)
contents following the sintering, hot rolling, and heat treatment procedures. A
high-precision balance was utilised to weigh the powders used in the study, and
a three-axis mixer without balls was employed to homogenise them. After being
sintered at 1375 °C in an environment consisting of 95% nitrogen and 5%
hydrogen, the samples were hot-rolled at an 80% plastic deformation rate. The
heat treatments applied both before and after rolling resulted in notable alterations
to the material's microstructure. It was shown that the sintering process
significantly reduced the grain size in the samples with 2% and 4% Mo due to an
increase in the Mo ratio. Specifically, samples with 2% Mo had an average grain
size of 2 um, whereas samples with 4% Mo had a grain size of 1 um. The
development of precipitates like MoC(N) and their suppression of grain boundary
movement have been linked to this reduction in grain size. The microstructure
developed fine ferrite and pearlite grains as a result of hot rolling and later
normalisation heat treatments. According to microstructural investigations, heat
treatments and deformation increased density while decreasing porosity. The
materials' mechanical qualities improved as a result of this circumstance.
Properties including hardness, strength, and resistance to wear were all improved
by the reduction in pores and the rise in precipitates. Nevertheless, following the
normalisation procedure, a little reduction in hardness and wear resistance was
noted. In addition to providing crucial information on how deformation and heat
treatments can optimise the materials' performance attributes, this work has
thoroughly uncovered the effects of Mo alloy on microstructural and mechanical
properties.

1. Introduction

One significant technique for creating complexly formed, high-performance
materials is powder metallurgy (PM). By regulating the microstructure, this
technique has benefits for enhancing mechanical qualities, particularly in steels.
Powder metal components become denser and have fewer micropores thanks to
the sintering process. According to the literature, the microstructure is greatly
impacted by the sintering temperature and environment [ 1, 2]. A common element
in alloy steels, molybdenum (Mo) is recognised for its ability to refine grain size
and improve hardness and strength. Precipitates containing Mo give
microstructural control by stopping grain boundaries from moving. Mo enhances
ferrite nucleation by forming high-stress areas at grain boundaries, as
demonstrated [3]. Steels' mechanical qualities, such their strength and hardness,
are enhanced by this technique.
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Steels containing Mo frequently develop MoC and MoN precipitates during
the sintering process. Grain growth is restricted by these precipitates, which do
not dissolve even at high temperatures. The sintering environment has a major
impact on the microstructure and precipitate formation [4]. According to reports
in the literature, the inclusion of Mo limits the movement of grain boundaries,
resulting in a finer structure [5]. Phases like ferrite and pearlite can generate fine
grains in the microstructure of steels by hot rolling and related deformation
operations. Following deformation, this mechanism is linked to larger nucleation
zones. High deformation rates provide a finer structure, according to Inagaki
(1997), who looked at how the amount of deformation affected nucleation
mechanisms [5-7]. This circumstance is crucial for enhancing mechanical
qualities.

The toughness and strength of materials made with PM are adversely affected
by pores. The material's mechanical qualities deteriorate as the pore ratio rises.
Li (2009) demonstrated that hot deformation and heat treatments can improve the
material density and decrease the pore ratio [8]. Mechanical performance is
positively impacted by increasing density. The impact of precipitates that occur
in steels containing Mo on mechanical characteristics has been well examined in
the literature. MoC(N) precipitates build up inside and at grain boundaries,
reducing dislocation motion and boosting strength. Steels' hardness and
resistance to wear are enhanced as a result [6-8]. By ensuring a uniform
distribution of ferrite and pearlite phases in the material microstructure, the
normalisation process aids in the optimisation of mechanical properties.
Nevertheless, after normalisation, some research has found a minor drop in
hardness and wear resistance [7-10]. The distribution of precipitates and the
material's internal tensions upon deformation are related to this circumstance.

The purpose of this research is to examine the mechanical and microstructural
characteristics of powder metal (PM) steels with varying molybdenum (Mo)
contents following the sintering, hot rolling, and heat treatment procedures. Grain
size, porosity, density, and precipitate formation in steels were to be assessed in
relation to Mo addition and deformation operations. Understanding how these
processes affect mechanical characteristics and identifying the mechanisms for
improving steel performance through microstructure optimisation were also
goals.

2. Materials and Methods

In this work, sintering, hot rolling, and heat treatment techniques were used to
manufacture powder metal (PM) steels with varying molybdenum (Mo) contents
and analyse their mechanical and microstructural characteristics. The chemical
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compositions listed in Table 1 were followed in the preparation of the powders
used in the experiments, ensuring that they contained iron (Fe), molybdenum
(Mo), and carbon (C). A RADWAG AS-60-220 C/2 precision balance with a
0.01% sensitivity was used to weigh the powders. To create a homogenous
mixture, the weighted powders were combined for an hour in a three-axis mixer
of the Turbula brand without balls. In an environment-controlled tube furnace of
the Protherm PTF 16/75/610 brand, the produced powder mixes were sintered for
one hour at 1375 °C in a 95% nitrogen-5% hydrogen mixed gas atmosphere. The
samples were carefully chilled to room temperature following the sintering
procedure.

Following sintering, samples with an 80% plastic deformation rate were
subjected to a hot rolling procedure. The samples were preheated for 30 minutes
at 1150 °C in a Protherm brand heat treatment furnace prior to rolling. The
technique of hot rolling was continued until 80% distortion was achieved.
Following the completion of the hot rolling procedure, the samples were heated
to 950 °C for 60 minutes and then left to cool in an air-conditioned environment.
This procedure was used to guarantee that the ferrite and pearlite phases in the
samples' microstructure were uniform. In order to examine the samples'
microstructure, an etching procedure was performed using a 3% Nital solution.
Using an optical microscope (OM) and a scanning electron microscope (SEM),
microstructures were thoroughly inspected. The precipitates' chemical
compositions and distributions were examined using energy dispersive X-ray
spectroscopy (EDS).

On microscope images, grain sizes were quantified, and the impact of the Mo
ratio was assessed. The Archimedes principle was used to determine the samples'
densities, and the impact of heat treatment and deformation on the densities was
examined. A Vickers hardness tester was used to evaluate hardness, and a rotary
disc tester was used to test wear resistance. The results were assessed in light of
the microstructural alterations. These techniques allowed for a thorough analysis
of the impact of various Mo ratios and applied process parameters on the
mechanical and microstructural characteristics of PM steels.
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Table 1. Chemical elements of PM steels

Samples Graphite Mo Fe
" (%wt) | (%owt) | (%wt)
Sample 1
(%80 Deformation) 0.55 2 Rest
Sample 2
(%80 Deformation) 0.55 4 Rest
Sample 3
(9‘7505300(: DleformationJr 0.55 , e
h+normalization)
Sample 4
9 Def ion+

(9 ?(fooc 1e ormation 055 . -
h+normalization)

3. Results and discussion

The mechanical and microstructural characteristics of powder metal (PM)
steels with varying molybdenum (Mo) contents following sintering, hot rolling,
and heat treatment procedures were examined in this work. Specifically, the
impacts of deformation operations and Mo addition on mechanical performance,
precipitate formation, porosity, and grain size were thoroughly investigated. The
results offer crucial information for PM steel optimisation and are in line with
previous research in the field.

Microstructure pictures of samples that have been sintered and 80% plastically
distorted are shown in Figure 1. These pictures show how the molybdenum (Mo)
content and various manufacturing steps affect the microstructure. First, the
average grain size of the sintered sample with 2% Mo was found to be around 2
pum when the microstructure was analysed (Figure la). This structure can be
linked to the fact that MoC(N) precipitates that are created during the sintering
process restrict grain development and stop grain boundary movement. By
controlling the sintering environment and temperature, it was found that the pores
were uniformly distributed and contributed a specific density [11-14].
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Figure 1. Microstructure images of TM steels with different molybdenum ratios
sintered at 1400°C for 1 hour in a 95% Nitrogen-5% Hydrogen mixed gas
atmosphere, 200X. (a- Sample 1 (%80 Deformation), b- Sample 2 (%80
Deformation), c- Sample 3 (%80 Deformation+950°C 1 hour+ normalization), d-
Sample 4 (%80 Deformation+950°C 1 hour+ normalization)

It was found that the average grain size in the microstructure of the sintered
sample with 4% Mo dropped to about 1 pm (Figure 1b). This condition can be
explained by the fact that a larger Mo ratio strengthens the barrier mechanism at
grain borders and causes more precipitation generation. Grain boundary
stabilisation and an increase in nucleation sites are the outcomes of increasing
Mo addition, according to the research [17, 18]. Upon examining the
microstructure following the hot rolling operation, samples that were 80%
deformed showed the formation of finer and more uniform grains in the ferrite
and pearlite phases (Figure 1c and Figure 1d). This circumstance can be linked to
the fact that nucleation is encouraged during recrystallisation by the rise in
dislocation density that occurs during deformation. Furthermore, it was found that
deformation raises density and decreases porosity ratio.
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Fine ferrite and pearlite grains were found to have a more regular structure in
the microstructure that was produced following the normalisation procedure.
Figure 1 illustrates how the combination of heat treatment and deformation
decreased the material's porosity, improving its mechanical qualities. The
findings unequivocally show how deformation and the addition of Mo reduce
grain size and increase precipitate formation in PM steels [15-17].

Table 2. Hardness and porosity of samples.

Samples Hardness | Porosity
(0.5Hv) | (%)

Sample 1

(%80 Deformation) 375 0.63

Sample 2

(%80 Deformation) 672 0.8

Sample 3

(%80 Deformation+ 241 0.58

950°C 1 h+normalization)

Sample 4

(%80 Deformation+ 288 0.82

950°C 1 h+normalization)

The link between the microstructure, hardness, and porosity of the samples
with varying Mo ratios was closely investigated based on the findings shown in
Figure 1 and Table 2. First, Sample 1, which was hot rolled and sintered, had a
hardness value of 375 HV and included 97.45% Fe, 2.0% Mo, and 0.55% C. This
hardness value demonstrates that the sample's structure is more uniform and that
the Mo addition produces a microstructure that bolsters the grain size reduction
effect. The high hardness value of Sample 1 was a result of its uniform
microstructure and low porosity quantity (0.63%). The material becomes tougher
because to the inhibitory effects of the Mo addition on the precipitates' grain
boundaries [18-22].

Sample 2 has a hardness value of 672 HV and contains 0.55% C, 4% Mo, and
97.45% Fe. The porosity of this sample is 0.88% based on the information in
Table 2. Grain size decreased and hardness rose dramatically in this sample as
the Mo ratio increased due to the concentration of MoC and MoC(N) precipitates
at the grain boundaries. Even while the porosity increased the material's hardness,
it might have had adverse consequences on certain mechanical properties.
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However, this sample's high hardness value indicates that the mechanical
properties were enhanced by the Mo addition.

When the microstructure of Samples 3 and 4 was examined after the hot
rolling process, it was seen that the ferrite and pearlite phases of both samples
showed a homogeneous distribution, but the hardness values and porosity ratios
showed differences. While the hardness of Sample 3 was 241HV, the porosity
ratio was 0.58%. Since this sample has a lower Mo ratio, its hardness value is
lower than Sample 2. In addition, as the sample with the lowest porosity ratio, it
is seen that the porosity effect on the mechanical properties of Sample 3 is the
least. Nevertheless, Sample 3's homogeneous microstructure and low porosity
rate demonstrate that it offers superior machinability over the other samples, even
with its low hardness value [22-24].

Sample 4's porosity rate was determined to be 0.82%, and its hardness was
evaluated at 375 HV. This sample is thought to have a somewhat inferior
mechanical performance because of its higher porosity rate, even if its hardness
value is comparable to that of Sample 1, which has a lower Mo content. This
scenario is related to the fact that the pores prepare the ground for fracture
development and produce stress concentration spots within the material.
According to Table 2's statistics, the hardness value rises with increasing Mo
content and falls with increasing porosity rate. Therefore, one of the key elements
influencing the materials' performance is the microstructural structures of the
samples, namely the equilibrium between hardness and porosity rates [25,26].

4. General results
In this work, the effects of sintering, hot rolling and heat treatment methods
on the microstructure, hardness and porosity of powder metal steels with varied
molybdenum (Mo) content were examined. The results demonstrate that the
characteristics of the material are significantly impacted by the Mo concentration
and processing conditions. Below is a summary of the study's primary findings:
e It was found that Sample 1 with 2% Mo had a sintered hardness of 375
HV, while Sample 2 with 4% Mo had a hardness of 672 HV.
e The sintered samples' porosity ratios were determined to be 0.88% for
Sample 2 and 0.63% for Sample 1.
e Grain size: The average grain size was measured to be 2 um in the sample
containing 2% Mo and 1 pm in the sample containing 4% Mo. It was found
that the grain size reduced as the Mo level increased.
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Hot rolling effect: It was shown that samples that were 80% distorted had
smaller grains and more uniform distributions of the ferrite and pearlite
phases.

Interaction between porosity and hardness: Porosity and hardness were
shown to be inversely related; samples with reduced porosity had greater
hardness values.

Effect of precipitates: It was found that MoC and MoC(N) precipitates
collected at the grain borders as the Mo concentration rose, inhibiting grain
development and raising hardness.
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1. INTRODUCTION

Since the physical and chemical properties of engineering plastic materials
used recently can be changed, it is important to produce them as materials
according to demand. In particular, these engineering plastic materials are
lightweight, easy to produce, resistant to many chemicals and can be used in every
field of industry due to their properties such as changing the desired properties
[1,2].

Graphene-doped composite materials are increasingly used in many industries
with their mechanical properties. These composite materials are especially
preferred in aerospace applications due to their high strength-to-weight ratios and
improved durability. They have the potential to increase fuel efficiency and
overall performance by reducing the weight of aircraft and spacecraft. The
addition of graphene material to engineering plastics provides resistance to
environmental degradation while increasing thermal conductivity. Such
properties make graphene-reinforced composites essential for areas where harsh
conditions exist, such as the defence industry. Synthesis methods vary depending
on the desired properties of the final material and each method offers certain
advantages. However, despite the potential of graphene-reinforced composites,
there are some technical and economic challenges. Problems such as scalability
in production, cost-effectiveness and homogeneous distribution of graphene in
the polymer matrix need to be solved. Future research should focus on
overcoming these challenges and developing innovative formulations that
maximise the advantages of graphene by optimising synthesis methods [3-7].

In conclusion, the development and characterization of engineering plastics
by incorporating graphene into them has the potential to create a new generation
of materials, especially in materials used in the aerospace and defence sectors.
Ongoing research in this area will not only further advance our scientific
understanding, but also pave the way for innovative applications that take
advantage of the remarkable properties of graphene-reinforced composites.

2. MATERIAL AND METHOD

In order to investigate the properties of PA-Graphene blends, nanocomposite
material samples were firstly supplied and this study was carried out using Graf
Nano Technological Materials Company's laboratory. During this sample
preparation, PA and graphene were used as matrix material and filler. Sample
samples were produced from the prepared nanocomposite materials and
investigations were carried out. Graphene material with graphene purity 99.5,
bulk density 0.05 g/cm3 and thickness 5-8 nm was used. Graphene, the nano
material used in this study, was prepared for the combination of 0.5 and 1 percent
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by weight by providing thermo plastic materials. With the help of precision scales
and mixers, graphene-added engineering plastic mixtures were formed at
different ratios. The granulated plastic and powdered graphene were mixed dry
with a mechanical mixer and then deposited into the filling chamber of the
extruder machine. Here, the extruder machine, which has a 5-stage temperature
control point, was monitored from the PLC screen where the temperature and
pressure of the material were controlled, and pellet production was carried out by
sending it to the chopper unit for pellet production. The prepared nanocomposite
material mixture was placed in the hopper of the plastic injection moulding
machine. Then, the machine was sent to the test moulds under regular heat and
pressure and the cooling process was carried out. Thus, PA-Graphene (0.5 and
1% wt) composite material was produced by injection moulding machine. During
the injection moulding process, the process parameters were adjusted to achieve
optimum structural integrity and mechanical properties. During the injection
moulding process, the processing temperatures of the injection moulding machine
were varied to obtain flawless samples. Using the injection moulding process,
samples were prepared for the analysis of the properties of the materials.

In order to analyse the Electronic-Electrical properties, Test Frequency
between 4 Hz and 8 Mhz, measurement signal between 10mV ~ 5V rms, 1 ms
High speed measurement, Touch Panel and +0,05% High Accuracy were
performed with Hioki branded measuring device. Shore D hardness
measurements of the produced PA-Graphene (0.5 and 1% wt) composite
materials were carried out. This method involves measuring the penetration depth
of a tapered steel indenter into the sample surface. Due to the characteristics of
the tested PA-Graphene (0.5 and 1% wt) composite material samples, the
indentation hardness was tested on the Shore D scale with a scale of 0 to 100
Shore degrees. The dimensions of the composite specimens obtained by the
injection moulding method were 7 mm thick specimens.

3. RESULTS AND DISCUSSION

Figure 3.1 shows the average hardness plot of PA-Graphene 0.5 and 1 wt.%
composite materials. Based on the hardness (Shore D) values of two composite
materials containing polyamide (PA) and graphene, PA-Graphene (0.5 wt%)
Average Hardness: 73.4 and PA-Graphene (1 wt%) Average Hardness: 74.6.
When analysed in terms of hardness between these two composite materials,
increasing the proportion of graphene from 0.5% to 1% led to an increase in the
hardness value of the composite. This indicates that graphene improves the
mechanical properties of the material and creates a stiffer structure. Graphene is
known for its high mechanical strength and hardness. Increasing the proportion
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of graphene strengthens the bonds in the internal structure of the material,
creating a more durable and rigid composite. This increase can be explained by
the fact that the polyamide matrix interacts better with graphene and forms a
stronger structure. The main reason for the difference in stiffness between both
composites is the increase in graphene ratio. Looking at the graph in Figure 3.1,
increasing the amount of graphene increased the hardness of the composite
material. This clearly shows the contribution of graphene to mechanical
properties such as hardness and durability.

Tablel. Dielectric results of PA and Graphene doped composites

%wt Dielectri | Dielectri | Dielectri | Dielectri | Loss Loss
Additive |c c closs (£7) | closs (€7) | tangen | tangen
to constant | constant | 100 kHz | 1 MHz t t
Graphen | (£) ®) (tand) | (tand)
e 100 kHz | 1 MHz 100 1 MHz
kHz
0 4.24 3.85 2.19 1.21 0.49 0.33
0.5 5.01 3.92 2.52 1.28 0.52 0.35
1 5.23 4.04 3.47 1.38 0.67 0.37
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Figure 3.1. Hardness graph of PA-Graphene 0.5 and 1 wt% composite
materials.

In this study, graphene doped PA (Polyamide (PA) composite materials were
produced. PA-Graphene composite materials were obtained by injection
moulding machine by adding 0.5 and 1 wt% Graphene to the produced PA
engineering plastic material. An impedance analyser was used to determine the
dielectric properties of the PA-Graphene composite materials. The frequency
dependence of the dielectric properties of PA-Graphene composites was
determined by capacitance, dielectric constant (¢°), dielectric loss (¢”) and
dielectric loss angle (tand) between 100kHz and 2MHz at room temperature. The
1MHz constant frequency dielectric constant values of the PA-Graphene
composite materials produced at room temperature at 0, 0.5 and 1 wt% GNPs
ratios were found to be 3.85, 3.92 and 4.04, respectively. The obtained results
clearly show that the dielectric parameters are frequency dependent. Table 1
shows the dielectric results of PA and graphene doped composites.
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Figure 3.2. Frequency dependent capacitance graph of PA and Graphene doped
composites.

Figure 3.2 shows the frequency dependent capacitance plot of PA and
Graphene doped composites. The addition of graphene to the composite
significantly affects the electrical properties of the material. The capacitance of
the pure PA (polyamide) matrix depends only on the dipole polarisation of the
polymer chains without additives. The composite with the highest proportion of
graphene results in the formation of conductive graphene networks, which leads
to a further increase in capacitance. The large surface area of graphene allows the
electric field to be stored more efficiently. As the graphene ratio increases, the
electrical conductivity and dielectric constant of the composite increases. This
allows the composite to have higher capacitance values. Graphene increases the
capacitance values by increasing the load carrying capacity and supporting the
polarisation mechanisms of the polymer matrix. In the frequency dependent
capacitance graph of PA and graphene doped composites, it is expected that the
capacitance values of all materials decrease as the frequency increases. However,
the increase in graphene content increases the capacitance values of the
composites. When Figure 3.2. is analysed, it is seen that the composite containing
0% graphene has the lowest capacitance while the composite containing 1%
graphene has the highest capacitance value. This is due to the high surface area
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and conductive properties of graphene positively affecting the dielectric
properties of the PA matrix.
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Figure 3.3. Frequency dependent dielectric constant plot of PA and Graphene
doped composites.

Figure 3.3 shows the frequency dependent dielectric constant graph of PA
and graphene doped composites. In the frequency dependent dielectric constant
graph of PA and graphene doped composites, it is expected that the dielectric
constant values decrease as the frequency increases. While the composite
containing 0% graphene has the lowest dielectric constant, the composite
containing 1% graphene reaches the highest dielectric constant. This is due to the
high surface area and conductive properties of graphene, which favourably affect
the dielectric properties of the PA matrix.
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Figure 3.4. Frequency dependent dielectric loss plot of PA and Graphene doped
composites.

Figure 3.4 shows the frequency dependent dielectric loss graph of PA and
graphene doped composites. The frequency dependent dielectric loss graph of PA
(polyamide) and graphene doped composites can be interpreted similarly to the
dielectric constant graph. In the frequency dependent dielectric loss graph of PA
and graphene doped composites, it is expected that the dielectric losses decrease
as the frequency increases. However, increasing the graphene content may
slightly increase the dielectric losses of the composites. While the composite
containing 0% graphene has the lowest dielectric loss, the composite containing
1% graphene can reach the highest dielectric loss. However, these changes may
not be as pronounced as in the dielectric constant and may remain at a lower level.
This may be due to the limited effect of the conductive properties of graphene on
energy loss.

85



0.8 = PAG6
e PAB6-Graphene % 0.5 wt

= PAB6-Graphene %1 wt
5 0,6
= g 1 R B Bpg,
‘8’ n n . 'Q"Qﬂ
g 8
S 04 g
== .-. -
2 T
I

0.2 "\'.“\.\

"'r,,_ﬂ
0,0
10° 10°

Frequency (Hz)

Figure 3.5. Frequency dependent loss tangent plot of PA and Graphene doped
composites.

Figure 3.5 shows the frequency dependent loss tangent plot of PA and
graphene doped composites. The decrease observed in the frequency dependent
loss tangent plot of PA and graphene doped composites can be interpreted in a
similar way to the trends in the dielectric loss and dielectric constant plot. The
loss tangent (tan &) expresses the ratio of the dielectric loss of a material to its
dielectric constant and is considered as a measure of energy loss. The frequency
dependent loss tangent plot of PA and graphene doped composites provides an
important indicator to understand the dielectric properties and energy loss of the
material. The decrease in loss tangent values as the frequency increases indicates
that the material is expected to lose less energy in high frequency applications. It
is observed that graphene doping can slightly enhance this effect and improve the
dielectric performance of the composite material. The decrease in the frequency
dependent loss tangent plot of PA and graphene doped composites indicates the
frequency sensitivity of the dielectric performance of the material and energy
loss. Graphene doping can improve this performance and help the material to
work more efficiently in high frequency applications.
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Figure 3.6 shows the loss tangent, dielectric loss and dielectric constant graph
of PA and graphene doped composites at 100 kHz frequency. These changes
observed at 100 kHz frequency of PA and graphene doped composites clearly
show the effects of graphene on the dielectric loss and dielectric constant of the
material. It is observed that as the graphene content increases, the dielectric loss
and dielectric constant values increase, but the loss tangent value changes very
little. This indicates that graphene affects the electrical performance of the
material, especially in terms of energy loss, and this effect varies depending on
the frequency.

4. CONCLUSION AND SUGGESTIONS

This study presents various characterisation results of composite materials
produced by doping graphene into polyamide (PA) matrix.The PA-Graphene
composites were characterised by high melting temperatures (263°C) and
increasing hardness values with increasing graphene content. Graphene doping
can improve the mechanical strength and hardness of the material, thereby
improving its use in industrial applications. Frequency dependent changes in
dielectric properties were investigated. An increase in dielectric constant and
capacitance values was observed with increasing graphene content. This indicates
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that the high surface area and conductive properties of graphene positively affect
the electrical performance of the composite material. Frequency dependent
dielectric loss and loss tangent analyses revealed that graphene doping has a
limited effect on the energy loss properties of the composite material. It was
observed that the dielectric losses increased with increasing graphene content, but
the loss tangent values remained relatively constant. These findings indicate that
the mechanical and electrical properties of PA-graphene composites can be
optimised by properly selecting the graphene doping and can increase their
usability in various industrial applications.
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1. Introduction

The steel industry has long been a cornerstone of industrial development,
with steels being essential in a vast array of applications, from construction and
transportation to energy and defense sectors. Traditionally, the development of
steels focused on optimizing the properties of carbon steel, stainless steel, and
alloy steels to meet the demands of various applications. However, the
increasing need for advanced materials with higher strength, improved
toughness, and enhanced corrosion resistance, particularly for high-performance
applications, has led to the advent of "new generation steels." These novel
materials offer a range of enhanced mechanical and chemical properties that
conventional steels cannot provide.

New generation steels, such as Advanced High Strength Steels (AHSS),
Twinning-Induced Plasticity (TWIP) steels, and Transformation-Induced
Plasticity (TRIP) steels, have gained significant attention in both academic and
industrial research. These steels have been developed through innovative alloying
techniques, thermomechanical processing, and advanced heat treatments to
achieve tailored microstructures. Unlike traditional steels, new generation steels
often achieve their high strength and ductility through mechanisms like phase
transformation, twinning, and controlled dislocation motion, making them
suitable for demanding applications that require lightweight, high-strength
materials.

Furthermore, with global priorities shifting toward sustainability and energy
efficiency, the role of new generation steels in reducing carbon emissions and
conserving resources has become more prominent. These materials not only help
to reduce the weight of structures and vehicles, thereby improving fuel efficiency,
but they also offer durability and longevity in service, which contribute to lower
lifecycle costs and reduced environmental impact.

This comprehensive review explores the fundamental characteristics of new
generation automotive steels, examining their development, microstructural
features, mechanical and chemical properties, and specific applications. By
analyzing the progress in alloy design and processing methods, this paper aims
to provide a thorough understanding of the technological advancements in
automotive steel and the future potential of these cutting-edge materials.

2. Necessity of Steel For Design Of Automotive Body

Climate change and global warming are among the primary threats to
ecological sustainability. One of the main contributors to this, and perhaps the
most significant, is automotive usage. In recent years, the automotive industry
has conducted extensive research and development (R&D) activities aimed at
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reducing vehicle weights to lower emission levels, and these efforts continue
today. Reducing vehicle weight plays a critical role in decreasing emission levels,
as it directly lowers fuel consumption, thereby reducing the emission of
environmentally harmful gases. However, this reduction in weight must not
compromise passenger safety in the event of an accident. In 2023, a total of
1,314,136 traffic accidents occurred on our country's road network. Of these
accidents, 1,079,065 were property damage-only accidents, while 235,071 were
accidents resulting in fatalities or injuries. Among the accidents involving
fatalities or injuries, 83.1% occurred within residential areas, and 16.9% took
place outside residential areas.

A total of 6,548 people lost their lives, and 350,855 people were injured in
traffic accidents. As a result of the 235,071 fatal and injury-causing traffic
accidents that occurred in Turkey in 2023, 2,984 individuals died at the scene,
while 3,564 people, after being injured and transported to healthcare facilities,
succumbed to the effects of the accident within 30 days. On average, in 2023,
there were 644 fatal or injury-causing traffic accidents, 18 deaths, and 961
injuries per day on the country's roads [1].

As a result, there has been a notable increase in R&D activities focusing on
steel materials, the primary materials used in the automotive industry.

The automotive sector constantly evolves to meet the demands for more
environmentally friendly, fuel-efficient, and safer vehicles. At the forefront of
this evolution is the improvement of materials used in vehicle production.
Therefore, the use of components made from polymers [2], composite materials
[3,4], and low-density metals such as aluminum [5,6] and magnesium [7,8] has
become increasingly common in automobile bodies, particularly due to oil crises
and environmental concerns. However, it is nearly impossible to ensure both
economic feasibility and passenger safety with these types of materials. This
necessity has made the production and development of high-strength steels
indispensable. With the rise in passenger safety standards and the need to reduce
environmentally harmful emissions (emission rates), the industry has been driven
to search for materials that are both lightweight and capable of meeting required
passenger safety standards. Consequently, the desire to produce lighter vehicles
has spurred greater research and development into Advanced High Strength
Steels (AHSS). Since the late 1990s, new generation steels have been widely used
in the automotive industry, leading to reductions in both material thickness and
vehicle weight.

For the automotive sector, it is crucial that the high-strength steels produced
not only have high strength values but also retain ductility and weldability,
particularly for spot welding [9] and laser welding [10-12]. Although initially
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developed for the automotive industry, these steels also serve as raw materials
applicable across various other industries. Steel manufacturers are known to
continuously conduct R&D to develop high-strength, formable, and ductile
materials.

Due to substantial increases in the strength of steel grades, less steel is required
to achieve the same load-bearing performance as lower-strength grades. This
makes steel a viable material for vehicle lightweighting, thereby enhancing fuel
efficiency. Numerous studies [13-16] focused on vehicle mass reduction through
the use of high-strength and advanced high-strength steels.

Significant reductions in vehicle weight have been observed due to the new
AHSS grades developed by companies in their own R&D departments. Figure 1
illustrates the weight reduction achieved in a car door using innovative AHSS
from ArcelorMittal, one of the world's largest steel producers.

Innovative door ring concept ArcelorMittal
Baseline LWB door ring solution
Usibor*1500P Usibor*1500P 4
1.2mm - 1.2mm

Usibor*1500P
1.7mm

Usibor*1500P
1.8mm

N .
DP600 e
10
15 D,
mm DP7gg Y450 1 o ! wubor'soop\m,m
0
Baseline Door ring solution:
15.8" kg 12.7° kg (=20%)

*Inciuding B-pillar hinge reinforcements, roof rad inner and side sill reinforcement box not represented on the picture

Figure 1. Innovative door ring concept of Arcelor Mittal [17]

3. New Generation Steels Used In The Automotive Industry

3.1. High Strength Low Alloyed Steels (HSLA)

High-strength low-alloy (HSLA) steel is an alloy steel known for its superior
mechanical properties and enhanced corrosion resistance compared to carbon
steel. Unlike other types of steel, HSLA steels are designed to achieve particular
mechanical characteristics rather than adhere to a defined chemical composition.

Hot-rolled HSLA sheet steels are widely utilized in components like chassis
parts, front-side rails, engine mounts, wheels, rims, discs, and suspension parts.
Cold-rolled HSLA steel, on the other hand, is frequently applied in areas where
high formability is not essential [18].
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HSLA steels represent a distinct group of carbon steels that are enhanced with
microalloying elements like vanadium (V), niobium (Nb), or titanium (Ti),
providing them with superior mechanical properties. The yield strength of certain
HSLA steels can reach up to 690 MPa, which is more than double the strength
range (170-250 MPa) of standard carbon steels. The exceptional strength of
HSLA steels is attributed to microstructural characteristics, including grain
refinement, precipitation hardening, and the control of inclusion shapes [18]. In
much the same way, today’s vehicle bodies widely incorporate HSLA steel
grades to fulfill the economic and technical requirements of weight reduction
alongside enhanced mechanical performance. To meet these objectives, most
HSLA steels are alloyed with Nb. The addition of Nb in HSLA steels contributes
to higher strength, mainly through grain refinement. In interstitial-free high-
strength steels, Nb also serves as a stabilizing element [18, 19]. For this reason
yhr other name of HSLA is micro-alloyed steel.

3.2. Dual-Phase Steel (DP)

Due to their high strength, excellent formability, good weldability, ease of
availability, and cost advantages, DP steels are among the most widely used types
in the AHSS class. The combination of good formability (or ductility) and high
strength in DP steels results from their unique microstructure. Dual-phase steel
gets its name from the two phases present in its microstructure: ferrite and
martensite. Ferrite provides ductility to the structure, while martensite contributes
high strength [20,21,22]. Figure2 shows the microstructure of DP steel. It was
previously mentioned that DP steels consist of two phases, ferrite and martensite.
Due to heat treatments and alloying elements, as shown in Figure 2, retained
austenite (RA) can also be present in the microstructure.

DP steels exhibit superior ductility compared to HSLA steels at the same
strength level. Generally, they contain a maximum of 0.2% C, 1.5% Mn, and
0.5% Si, and may also include low amounts of alloying elements such as Cr, Mo,
Nb, V, and N. In the alloying elements present, manganese aids in the
transformation to martensite during rapid cooling. Chromium and molybdenum
lower the transition temperatures, while silicon acts as a solid solution hardener.
Elements such as Nb, V, and Ti contribute to precipitation hardening and control
the grain size [23]. In low-strength dual-phase steels, the soft ferrite phase is
continuous, which provides the steel with ductility.
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Figure 2. Microstructure of DP steel (M: martensite, F:ferrite, RA: retained
austenite) [23]

3.3. Martensitic Steel

To obtain martensitic steel, the austenite formed during hot rolling or
annealing is completely transformed into martensite during the cooling process.
The martensitic transformation begins when the austenite grains reache the
martensite start temperature (Ms) and continue until the lower transformation
final temperature (Mf) are reached. In generally, martensitic steel has less than
2% alloying elements due to provide a good weldability behaviour. Martensitic
steel is used as side impact beams, bumpers, structural components, and electric
vehicles (EV) battery enclosures in automotive industry [24]. Figure 3 shows an
EV battery housing component made from martensitic steel. Yield stresses can
reach up to 1700 MPa, while tensile strengths can go up to 2000 MPa. However,
elongation percentages are quite low (around 3%). To produce the final product
with martensitic steels, cold rolling is performed after hot rolling following
annealing to achieve the desired strength values and surface smoothness.
Martensitic steel provides a good corrosion resistance by using electro galvanized
coating.
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Figure 4. EV battery housing component [24]

3.4. Quenching and Partitioning Steel

Quenching and partitioning (Q&P) steel refers to a category of steels, such as
C-Si—Mn, C-Si—-Mn-Al, or similar compositions, that undergo the innovative
Q&P heat treatment process. In automotive applications, Q&P steel aims to
provide a new class of ultrahigh-strength steel with enhanced ductility, helping
to improve fuel efficiency while ensuring passenger safety. Its final
microstructure, consisting of ferrite (in cases of partial austenitization),
martensite, and retained austenite, offers an exceptional balance of strength and
ductility. This makes Q&P steel an integral part of the next generation of
advanced high-strength steels (AHSS) designed for automotive use [25-27].
Numerous studies [28-30] have explored the correlation between the properties
and microstructures of Q&P steels undergoing different heat treatments. These
studies have demonstrated that the ultrahigh strength of Q&P steel is derived from
martensite laths, while its excellent ductility is linked to the TRIP effect of
retained austenite during deformation. Figure 5 shows this relationship. In Figure
5, It is observed that as the voltage increases, the white parts decrease, that is, the
retained austenite decreases. To maximize the retention of austenite fractions
during the Q&P process, the formation of carbides (whether transition carbides
or cementite) should be minimized, as carbides act as carbon 'sinks," limiting the
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partitioning of carbon into austenite. The formation of cementite can be
effectively inhibited through alloying with elements such as Si, Al, or P [28].

Figure 5. Q&P steel tension tested at 0 °C (32°F). White corresponds to
retained austenite. (a) 0, (b) 1, (c) 5, and (d) 10% strain [25]

3.5. TRansformation Induced Plasticity (TRIP) Steel

Transformation Induced Plasticity (TRIP) steels have a microstructure
composed of a ferrite matrix along with varying amounts of retained austenite,
martensite, and bainite [31]. This microstructure is shown in Figure 6. The
production process for TRIP steels usually involves an isothermal holding step at
an intermediate temperature to form some bainite. The elevated silicon and
carbon levels in TRIP steels contribute to substantial amounts of retained
austenite in the final microstructure. The significant forming properties of this
group of steels are primarily derived from specifically tailored microstructural
components of retained austenite. Austenite is unstable at room temperature
under equilibrium conditions. Retaining an austenitic microstructure at room
temperature requires a specific chemical composition and a controlled thermal
process. During sheet forming, the deformation provides the energy needed to
transform austenite into martensite [32,33]. Due to limited time and temperature,
significant carbon diffusion from the carbon-rich austenite does not occur,
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leading to the formation of high-carbon (and high-strength) martensite after
transformation. As deformation continues, the transformation to high-strength
martensite progresses, provided there is still retained austenite available for
conversion. In TRIP steels, retained austenite gradually transforms into
martensite as strain increases, leading to an elevated work hardening rate at higher
strain levels. This phenomenon is referred to as the TRIP Effect [31]. Compared
to DP and HSLA steels, TRIP steels provide higher ductility at the same stress
levels due to the TRIP effect. This comparison is shown in Figure 7.

Ferrite
Martensite

Bainite

Retained
Austenite

Figure 6. TRIP steel microstructure: ferrite, martensite, bainite and retained
austenite [31]
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Figure 7. Compairing of stress and strain of HSLA, DP and TRIP steels [31]
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3.6. Twinning Induced Plasticity (TWIP) Steels

TWIP steel represents a category of high and ultra-high strength steels known
for their exceptional ductility, high strain hardening, significant uniform
elongation, and remarkable ultimate tensile strength. These steels are widely
studied and developed for industrial uses, including the automotive sector, LNG
shipbuilding, oil and gas exploration and transportation, as well as non-magnetic
structural applications, thanks to their combination of ultra-high strength,
excellent ductility, and outstanding energy absorption capacity. TWIP steels
maintain a fully austenitic phase at room temperature due to their high manganese
content (15-30%), which delays phase transformation during cooling. Moroever,
the Al content is in excess of 3%, and the Si content is in the range of 2-3% (by
weight). C also increase the stability of austenite at room temperature. The
primary deformation mechanism during plastic deformation is the formation of
twins within the grains [34-36]. TWIP steel is anticipated to provide ultra-high
strength for structural reinforcement, exceptional ductility for easier press
forming, and excellent energy absorption for enhanced crash performance, which
is vital for vehicles. Furthermore, widespread adoption of TWIP steel could lead
to reduced vehicle weight, lower greenhouse gas emissions, significantly
improved fuel efficiency, and enhanced passenger safety. Under plastic
deformation, twin bands form within the austenite. Once the volume of
deformation twins within the grain becomes saturated, the twins reduce effective
glide sitance of dislocation which causes Dynamical Hall-Petch Effect. The
combined effects of the TWIP mechanisms enhance plasticity, leading to a high
work hardening rate and tensile elongations of up to 65% [34]. Figure 8 shows
the Dynamical Hall-Petch Effect.

Dislocation source Twin

A :dislocation mean free path

Figure 8. The Dynamical Hall-Petch Effects [34]
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Conclusion

The automotive industry has witnessed remarkable advancements in materials
science, particularly in the development of high-performance steels. As global
demands shift towards more sustainable and fuel-efficient transportation
solutions, the evolution of new generation steels, such as Advanced High
Strength Steels (AHSS), Dual-Phase (DP) steels, Transformation-Induced
Plasticity (TRIP) steels, and Twinning-Induced Plasticity (TWIP) steels, has
become crucial in meeting these goals. These steels not only offer exceptional
strength-to-weight ratios but also provide an excellent combination of ductility,
formability, and energy absorption, which are critical for improving vehicle
performance, safety, and sustainability.

One of the primary motivations behind the development of these new
generation steels is the urgent need to reduce vehicle weight without
compromising safety standards. As the need for better fuel efficiency and lower
carbon emissions intensifies, these innovative steels play a pivotal role in
reducing material thickness and vehicle mass, contributing to lighter and more
energy-efficient vehicles. The ability to achieve ultrahigh strength while
maintaining formability through unique mechanisms such as phase
transformation, twinning, and dislocation control sets these steels apart from
conventional materials, making them ideal candidates for the automotive sector.

The TRIP effect and the TWIP effect, for example, significantly enhance the
work hardening capacity and overall ductility of the steels, enabling them to
absorb greater amounts of energy during collision scenarios. This leads to
improvements in crashworthiness, which is vital for passenger safety.
Furthermore, the combination of high strength and superior ductility in steels like
DP and TRIP steels allows them to be used effectively in lightweight automotive
structures that do not compromise on safety, durability, or performance.

In addition to their mechanical properties, new generation steels like TWIP
and Q&P steels show promise for reducing environmental impact. Their ability
to absorb more energy during impact, combined with their reduced weight,
directly translates to improved fuel efficiency and lower carbon footprints. As the
automotive industry continues to prioritize sustainability, these steels will be key
to achieving lower emissions, improved fuel mileage, and reduced environmental
impact throughout a vehicle's lifecycle.

Despite these advancements, there are challenges in the widespread adoption
of these new materials, including the cost of production, processing requirements,
and the complexity of integrating these advanced steels into existing
manufacturing processes. However, continued research and development,
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combined with the growing demand for fuel-efficient and safe vehicles, will
likely accelerate the adoption of these high-performance steels.

Looking forward, the potential applications of these steels extend beyond
automotive use into sectors such as shipbuilding, aerospace, and energy, where
high strength and lightweight materials are essential. The ongoing progress in
alloy design, thermomechanical processing, and heat treatments will continue to
push the boundaries of what is possible in steel manufacturing, enabling even
more optimized materials for future generations of vehicles and industrial
applications.

In conclusion, the development of new generation steels marks a significant
leap forward in material science and engineering. With their exceptional
properties and diverse applications, these steels will play a central role in shaping
the future of the automotive industry, contributing to safer, lighter, and more fuel-
efficient vehicles. As research continues to refine these materials and
manufacturing processes, the potential for even greater advancements in
performance, sustainability, and safety remains vast, promising a bright future for
automotive and other high-performance industries.
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1. CONCRETE

Concrete is a composite construction material obtained by homogenously mixing
cement, aggregates, water, and, when necessary, admixtures in specific proportions,
which hardens over time, losing its plasticity and gaining high strength. In other
words, concrete is defined as a composite construction material obtained by mixing
cement, concrete aggregates, water, and appropriate admixtures in specific
proportions, based on calculations and in accordance with a particular production
technology, which is initially in a plastic state and, through the hydration of cement,
hardens over time, taking the desired shape and becoming solid.

By varying the proportions of the materials that make up concrete (water, cement,
sand, gravel), concrete with different strengths can be produced. Additionally, it is
possible to obtain concrete with different properties by using specially manufactured
cements, special aggregates (lightweight aggregates, heavy aggregates), admixtures,
and specific curing conditions. Concrete with different characteristics can be
grouped into three categories based on their density, strength, and production
location.

The density of hardened concrete is the ratio of the dry mass of the concrete to its
apparent volume. Concrete density varies depending on the source, type, and
granulometric structure of the aggregates used. Based on this, concrete is classified
into three categories: lightweight, normal, and heavy concrete..

According to TS EN 206-1, the properties of concrete classified into three
categories can be defined as follows:

1. Lightweight concrete: Concrete with a unit weight in the dry state (oven-
dry) ranging from 800 kg/m? to 2000 kg/m?>.

2. Normal concrete: Concrete with a unit weight in the dry state (oven-dry)
ranging from 2000 kg/m? to 2600 kg/m?.

3. Heavy concrete: Concrete with a unit weight in the dry state (oven-dry)
greater than 2600 kg/m?.

1.1 Lightweight Concrete

Lightweight concrete has been defined in various ways in different sources, but
in short, it is concrete with an oven-dry density ranging from 0.8 to 2.0 kg/dm?,
produced using lightweight aggregates (such as pumice, diatomite, etc.), or with
materials above a 4 mm sieve being lightweight aggregates, and materials below a 4
mm sieve consisting of natural sand and/or crushed lightweight aggregates.
According to another definition, lightweight concrete is described as concrete used
in applications where both strength and properties like lightness and thermal
insulation are desired, with unit weights ranging from 400 to 2000 kg/m3. A further
definition by Memis (2013) describes lightweight concrete as a material that can be
produced either by using lightweight aggregates instead of traditional aggregates,
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using only coarse aggregates, or by expanding the cement binder (such as in aerated
concrete).

The advantages of lightweight concrete are listed below:

e It provides cost savings in reinforcement for elements under bending.

e  The manufacturing conditions for prefabricated structural elements are
improved.

o  Structures made with lightweight concrete are less affected by earthquakes.

e It offers better thermal insulation.

e It has better resistance to freezing-thawing and fire.

o  Prestressed structural elements under bending require a larger critical span.

However, despite these advantages, lightweight concrete has some drawbacks,
including:

e A higher void ratio.

e  Lower strength compared to conventional concrete.

e Higher shrinkage.

e Requires more care during placement.

Despite its positive and negative aspects, lightweight concrete is an important
construction material that can be used in place of normal concrete, provided that
sufficient compressive strength is achieved, or depending on the application areas.
This allows for a low unit weight and high thermal insulation.

The most common method in the production of lightweight concrete is the use of
lightweight aggregates. Lightweight aggregate is an important material used to
reduce the unit weight of concrete, and it can be used in both load-bearing and non-
load-bearing applications. To reduce the unit weight of concrete, part or all of the
normal-weight aggregate can be replaced with lightweight aggregates that have a
lower unit weight. While pumice is the most commonly used aggregate in
lightweight concrete production, other natural lightweight aggregates such as slag
and diatomite are also used. The main purpose of using lightweight aggregates in
lightweight concrete is to obtain materials with high thermal insulation properties
and low unit weight.

The production of materials similar to lightweight concrete, using lightweight
aggregate with lime or pozzolanic binders, dates back to before 3000 B.C. However,
after cement became widely used as a binding material, lightweight concrete has
gained significant importance in many applications, especially in the last seventy
years, with numerous classifications made based on compressive strength. This is
due to the use of lightweight aggregates with varying strength levels in lightweight
concrete production. Additionally, lightweight concrete can be classified into three
groups based on production methods. These methods are;
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1. Using porous lightweight aggregate instead of normal-weight aggregate:
These types of lightweight concrete are named according to the type of lightweight
aggregate used. Examples include load-bearing concretes like expanded clay and
shale, as well as insulation or medium-strength concretes like perlite concrete and
pumice concrete.

2. Creating large voids in the concrete through physical or chemical methods:
One of the most common methods to achieve this is by using air-entraining
admixtures. These types of concretes are known as aerated concrete, foamed
concrete, or air-entrained concrete..

3. Creating large voids in the concrete by removing fine aggregates: These
types of concretes are typically referred to as no-fines concrete. The coarse
aggregates are bonded together with a cement paste that is 1-3 mm thick, with a
cement dosage ranging from approximately 70 kg/m? to 130 kg/m?.

It is also noted that due to the lower mechanical properties of lightweight concrete
compared to normal concrete, lightweight concrete production can be classified in
two ways:

a) Lightweight concretes produced with natural and/or lightweight aggregates:

e  Perlite concrete

e  Concrete made with blast furnace slag

e  Vermiculite concrete

e  Expanded clay and shale concrete

e  Tuff, fly ash, and pumice (or scoria) concrete

e  Concrete made with wood shavings or wood chips

b) Lightweight concretes produced with chemical admixtures:

e  Concrete produced by adding air-entraining agents to fresh concrete

e  Concrete produced by adding aluminum powder along with cement to fresh
concrete

e  Concrete produced by adding hydrogen peroxide and bleaching powder to
fresh concrete

Lightweight concretes have been produced using various methods from past to
present. As explained above, these methods include the use of lightweight
aggregates, chemical foaming, using only coarse aggregates without sand, and
generating gas through chemical reactions. The main principle in using chemical
foam is the expansion of the binding paste to create gas bubbles.

1.1.1. Air void formation methods in lightweight concrete production

The amount of air in the concrete (Fig. 1) can vary depending on several factors.
These factors include the materials used in the concrete (such as the amount of
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cement, fly ash, and slag as supplementary binders), their chemical composition and
fineness, chemical admixtures (such as plasticizers, retarders, etc.), the quantities of
aggregates, their particle size and gradation, the chemicals in the mixing water, the
water-cement ratio, the water content and consistency, production methods (such as
the order of material addition), mixer capacity, mixing time and speed, as well as
construction methods and site conditions.
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There are various methods for pore formation in lightweight concrete. The most
accepted methods include foam generation, air-entraining, and interconnected pore
formation.

The foam generation method is done by mixing whipped foam material into a
cement or lime mortar. Commonly used foam materials include adhesive resin foam
(pine resin and glue solution), refined resin foam (plant-based soap content,
saponin), aluminosulfate foam (paraffin sulfonic acid), hydrolyzed blood foam (a
mixture of blood and iron sulfate), hydrolyzed keratin foam (processed waste
materials like hair, feathers, horns), and detergents. This method is economical and
allows controlled pore formation without chemical reactions, as the foam materials
are mechanically mixed into the mortar.

The air-entraining method is a chemical process where chemicals are added to
semi-hardened cement or lime mortar to directly increase volume and pore
formation. The most well-known chemicals used are powdered aluminum, air-
entraining hydrogen peroxide, bleaching agents, and calcium carbide. These
chemicals react within the mixture to produce oxygen, hydrogen, or acetylene gas,
which gives the concrete its porous structure. Aluminum powder is the most
commonly used air-entraining agent.

The interconnected pore formation method combines both foam generation and
air-entrainment techniques. The first of these methods involves adding air-entraining
chemical agents to the mixture or mixing whipped foam into semi-hardened mortar.
The other method involves adding excess water, which leads to void formation as
the water evaporates. The following air-entraining additives can be used in the
production of lightweight concrete:

109



Tree resin salts (from pine logs)
Synthetic detergents (from petroleum fractions)
Lignosulfonates (from the paper industry)
Petroleum acid salts (from petroleum refining)
Protein salts (from animal hides)
Oily and resinous acids and salts (from the paper industry and animal
hides)
7. Organic salts of sulfonated hydrocarbons (from petroleum refining)

Most of the air-entraining materials used come from the first group, particularly
the substance derived from pine logs, known commercially as Vinsol Resin.
Additionally, synthetic detergents belonging to the aryl-alkyl-sulfonate group are
also widely used in large quantities.

The methods mentioned above are used to create air voids in concrete, and the
lightweight concretes produced using these methods are classified as "Gas Concrete"
and "Foam Concrete." In these processes, gas concrete is produced by expanding the
mixture during production with the help of additives. This type of concrete is
commonly used in the building materials industry, and products from companies like
Ytong and Cimtas are examples of this material. Foam concrete, on the other hand,
is produced by foaming the fresh mixture through various additives and processes.
The difference between gas concrete and foam concrete has been briefly explained
by Just and Middendorf (2009) and Liu et al. (2023) in Figure 2.
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In the production of gas concrete or foam concrete, expansion-inducing additives
are incorporated into the mixture using two methods. The first method involves
mixing the additive into a mortar made of cement and water. The second method
involves preparing a mortar with sand, cement, water, and any available mineral
additives, and then, after achieving the desired consistency, adding expansion agents
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like aluminum powder or hydrogen peroxide to the mixture. The second method is
generally preferred in gas concrete production.

1.1.2. Classification of lightweight concrete

The classification of lightweight concrete is generally based on unit weight and
compressive strength (Fig. 3). However, its classification varies according to the
standards of different countries.
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Figure 3 Unit weight and classification of lightweight concrete

a. Structural Lightweight Concrete: According to the ASTM (C330-77)
standard, structural lightweight concrete is classified as having a 28-day compressive
strength of no less than 17 MPa and a unit weight ranging between 1350-1900 kg/m>.
The primary purpose of structural lightweight concrete is to reduce the dead load
caused by the self-weight of concrete in reinforced concrete structures. Reducing the
dead load of a structure decreases the effects of both static and dynamic loads,
enabling smaller cross-sections for load-bearing elements and enhancing the cost-
efficiency of the structure.

b. Semi-Structural Lightweight Concrete: As per the ASTM (C330-77)
standard, semi-structural lightweight concrete has a 28-day compressive strength
between 7-17 MPa. This type of concrete is categorized between structural and
insulating lightweight concretes in terms of thermal insulation properties. Semi-
structural lightweight concrete is commonly used in constructing structural elements
like walls and roof panels, where distributed load transfer is more relevant than
concentrated loads. Using semi-structural lightweight concrete in such elements
provides thermal insulation and time savings alongside load transfer efficiency.
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c. Insulating Lightweight Concrete: Non-structural lightweight concrete, with
a unit weight ranging from 300-800 kg/m?, is designed primarily for high thermal
insulation. According to the ASTM (C330-77) standard, this type of concrete must
have a minimum 28-day compressive strength of 2.5 MPa. Insulating lightweight
concretes are typically used in manufacturing non-load-bearing wall infill elements.

Changes in the dry unit weight of lightweight concrete directly impact its
mechanical and thermal properties. While lower weight enhances thermal insulation,
higher weight reduces it.

Lightweight concretes can also be classified into two groups based on their
binding agents:

1. Foamed or aerated concretes made with cement.

2. Foamed or aerated silicates made with lime.

The classification of lightweight concretes also varies depending on national
standards. These differences are outlined in Table 1 according to TS, ASTM, and
DIN standards.

Table 1. Lightweight concrete classes according to different standards

Unit Weight Strength
Standards (kg/m?) (MPa)
TS 2511 <1900 >16
ASTM C330 <1840 >17
DIN 1045 <2000 >16
ACI 213R <1840 >17
CEB -FIB <1900 >16

Table 2. Lightweight concrete classes according to TS 206-1

Compressive Minimum characteristic Minimum characteristic cube
strength class cylinder strength, fck (N/mm?) strength, fck (N/mm?)

LC 8/9 8 9

LC 12/13 12 13

LC 16/18 16 18

LC 20/22 20 22

LC 25/28 25 28

LC 30/33 30 33

LC 40/44 40 44

LC 45/50 45 50

LC 50/55 50 55

LC 55/60 55 60

LC 60/66 60 66

LC 70/77 70 77

LC 80/88 80 88
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Lightweight concretes are concretes with a unit volume weight not exceeding
1840 kg/m® and a 28-day cylinder compressive strength exceeding 17 MPa.
Although the unit volume weight of lightweight concrete can be up to 1900 kg/m?in
standard values that vary by country, in practice the range of change is between 300—
1840 kg/m3.

The classification of lightweight concretes is made according to the compressive
strength as well as the unit volume weight. The classification of lightweight
concretes regarding the compressive strength is given in Table 2 according to TS EN
206-1.

2. Autoclaved Aerated concrete (AAC)

Autoclaved aerated concrete, also known as AAC or gas concrete, is a lightweight
material compared to traditional concrete or masonry. It is highly insulating due to
the air bubbles within its structure, which give it excellent thermal properties.
Classified as a type of lightweight concrete, it is named "gas concrete” because of
these air voids.

AAC is produced by mixing fine silica aggregate and an inorganic binder (lime
or cement) with a pore-forming agent, which lightens the mixture. The material is
then hardened using steam curing, resulting in a porous lightweight concrete. In the
literature, AAC is recognized as a lightweight construction material that belongs to
the lightweight concrete category. It is composed of varying proportions of silicon,
sand, cement, lime, and aluminum. Al-Kahaled (2002) defined AAC as a lightweight
building material achieved by combining different elements to complete structural
systems.

According to TS 453, AAC is described as porous lightweight concrete obtained
by adding a pore-forming admixture to a mix prepared with finely ground silica
aggregate and an inorganic binder (lime and/or cement), followed by steam curing
(Figure 6).

Due to the air bubbles in its structure, this material is named “Autoclaved Aerated
Concrete - AAC” in English, “Porenbeton” in German, and referred to as “Otoklavli
Gaz Beton” in Turkish. Commonly abbreviated as "gaz beton" in Turkish, it is a
lightweight concrete construction material used in the form of blocks or larger panels
and slabs.

In the industrial production of AAC, silica-rich materials such as sand, quartzite,
or fly ash are typically used as the siliceous aggregate. Aluminum powder or paste
serves as the pore-forming agent. Compared to traditional concrete or masonry, AAC
is significantly lighter. The air bubbles in its structure grant it excellent thermal
insulation properties, as well as resistance to earthquakes and fire, making it a widely
used material in the construction industry.
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Despite its original name "gas concrete,” minor variations in its composition have
led to alternative names such as foamed concrete, cellular concrete, aerated concrete,
and autoclaved cellular concrete.

AAC is a lightweight construction material developed in Sweden, capable of
being manufactured using locally available materials. It exhibits excellent thermal
properties and is commonly used for roofing or flooring components, as well as wall
elements. Additionally, AAC offers several advantages over other building materials
due to its unique properties, including:

High Thermal Insulation: AAC provides excellent thermal insulation
(Figure 4), making it a practical and economical material for wall
construction.

Advanced Manufacturing Standards: AAC available in the market is
produced in modern facilities using advanced technology.

Environmentally Friendly: It is an eco-friendly material that supports
sustainable construction practices.

High Fire Safety Performance: AAC offers superior fire resistance, ensuring
enhanced safety.

Lightweight Property: Its lightweight nature helps reduce the impacts of
earthquakes by minimizing the structural load.

Ease of Workability: AAC can be easily processed to desired dimensions or
reshaped as needed, enhancing its versatility.

Time and Cost Efficiency: Its easy application reduces labor costs and saves
time during construction.

These features make AAC a highly advantageous and efficient material for
modern construction projects.
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Figure 4. Thermal insulation
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One of the primary components of AAC is quartzite, a rock formed by the strong
binding of quartz sand grains with natural silica-based cement. Quartzite exists in
two main types: sedimentary and metamorphic. It is characterized by its high
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strength, durability, and abrasiveness. However, it is also challenging and costly to
grind.

For this reason, quartzite production is typically considered after quartz sand and
sandstone, which share the same chemical composition but are purer and easier to
process. The chemical composition of quartzite, like quartz, sandstone, and quartz
sand, is predominantly SiO.. However, it may contain small amounts of feldspar,
mica, clay, magnetite, hematite, garnet, rutile, limestone, and other minerals.

In AAC production, the quartzite used must meet specific quality standards:

¢ SiO: content should be at least 90%.
e Fe (iron) content should not exceed 2%.

The strict requirements for quartzite in AAC production ensure the material's
optimal performance, contributing to its strength, thermal insulation properties, and
overall quality.

2.1. History of AAC

Throughout the 12000 years of human history, structures like the Egyptian
pyramids and Mayan temples were built using natural and traditional materials.
Compared to these ancient feats, the use of autoclaved aerated concrete (AAC) as a
construction material emerged much later. The idea of artificially producing
lightweight and porous materials for construction dates back to the late 10th century.

The development of porous materials began after the invention of cement and
concrete. The first patent for producing porous mortar by adding a gas-generating
additive was issued in 1889. However, the use of these materials for lightweight
concrete only gained traction in 1914 when American inventors Aylsworth and Dyer
patented the addition of aluminum powder, zinc powder, or other metallic powders
mixed with calcium hydroxide to cement-based mortar as a foaming agent. Later, in
1929, Americans Adolf and Pohl patented the use of hydrogen peroxide and sodium
or calcium hypochlorite as alternative agents to achieve similar reactions.

The discovery of AAC as a type of lightweight concrete began in 1919-1920 with
the addition of aluminum powder to concrete mortar. This process demonstrated the
positive effects of steam curing under pressure (autoclaving) on the hardening of
concrete.

In 1923, Swedish architecture professor Johan Axel Eriksson inadvertently
discovered AAC while working on porous concrete samples. He placed samples in
an autoclave to accelerate the curing process. The resulting material, characterized
by hydrogen bubbles formed during chemical reactions, became known in the
literature as gas concrete. The invention was named after the small Swedish town
where Eriksson developed the material. Combining “YxXhult” (the town’s name) and
the Swedish word for concrete, “Betong,” the commercial trademark YTONG was
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patented in 1924. After further refinement between 1924-1929, AAC gained
popularity in the market and became widely recognized.

The material's success expanded globally, particularly in Europe, the Americas,
and Asia. Companies like Ytong, Hebel, and H+H Celcon played significant roles in
developing the market. These brands remain prominent players in the European
AAC market today.

In the global market, AAC has found extensive use in the construction industry
due to its superior properties, such as thermal insulation and a unit density that is
one-fifth that of conventional concrete. As a result, its adoption has steadily
increased, supported by various manufacturers operating under different brand
names. Notable examples include Durox in the Netherlands, Siporex in Sweden, and
Termalite in the United Kingdom.

In Turkiye, AAC was first introduced in the 1950s through imports from
Germany. The first AAC production facility in Tiirkiye was established in 1965 in
Istanbul. Since then, over the past 75 years, the use of AAC in the construction
industry has grown significantly. Today, Tiirkiye is among the leading countries in
terms of both production capacity and potential usage of AAC.

With its wide acceptance, AAC is now manufactured in several provinces across
Tirkiye (Fig. 5), contributing to the country's construction sector with its energy-
efficient and lightweight building solutions.

Provinces where aerated concrete is produced in Tiirkiye

Figure 5 Tiirkiye's provinces where AAC is produced

Tiirkiye’s annual consumption of approximately 4.3 million m® ranks fourth in
Europe as a result of its high usage potential. Today, AAC is produced under various
names in many countries around the world, with an annual production of
approximately 16 million m3.

2.2. Types of autoclaved aerated concrete (AAC)

The types of AAC are classified into two categories, based on their chemical and
mechanical processes. In the chemical process, expansion occurs through the
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reaction of metallic powders, while the mechanical process relies on the creation of
gaps between the particles by foam materials that enable the expansion. However,
the classification of aerated concrete is made according to the treatment it undergoes
during the curing process, and three different types are produced. These include:

e AAC cured under pressure steam

e AAC cured under high heat and steam

e AAC cured in open air

2.3. AAC raw material and production process

AAC is a porous building material with quartzite as its raw material and cement
and lime as its binders. These materials are finely ground to a powder-like
consistency in a ball mill and, in the final stage, mixed with water and aluminum
powder before being transferred to casting molds. Experimental studies by Lidman
in 1931 and Shalbergs in 1937 demonstrated that materials such as fly ash, a siliceous
material, could replace quartzite. They patented this process, showing the potential
for using alternative materials.

A common aspect of these studies is the reaction between burnt lime and water,
releasing high heat that reacts with aluminum powder to generate hydrogen gas. This
gas, produced by the fine aluminum particles, causes the aerated concrete mix to
expand, giving it its primary characteristic: a micro-porous structure.

The production process as preparing a flowable mixture by blending ground lime,
ground quartzite, and cement with water. Once the mixture reaches the required
temperature and viscosity, a pore-forming slurry is added. In AAC production, sand,
lime, cement, gypsum, water, and an expansion agent are used to create a porous
structure in the concrete. Aluminum powder, constituting 0.05%-0.08% of the total
solid volume, is used as the expansion agent.

The production begins by measuring and mixing precise amounts of these
materials. Pouring this mixture into molds initiates multiple chemical reactions. The
importance of these reactions lies in aluminum powder reacting with calcium
hydroxide and water, leading to hydrogen gas release. This gas forms bubbles within
the slurry, increasing its volume. The result is an expanded and porous concrete
structure (Fig. 6).

The production process of AAC is similar to the manufacturing of clay-based
wall products or prestressed concrete, while the structural components of the
materials used in AAC resemble those of conventional concrete. Interestingly, the
AAC production process can be likened to bread-making and can be summarized in
five main steps (as illustrated in Fig. 7):

a) Combination and mixing of raw materials
b) Addition of expansion agent
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¢) Rising, shaping, pre-curing, and cutting
d) Final curing in autoclave.
e) Packaging and transportation

Figure 6. Porous structure of AAC
a) Combination and mixing of raw materials
Autoclaved aerated concrete (AAC) production begins with raw materials
including silica, cement, lime, and water. The silica used as aggregate can be derived
from finely ground quartz sand or fine sand, which may replace quartz sand.
Additionally, materials such as fly ash, slag, or mining waste can be used alongside
silica as aggregates.
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Figure 7 Schematic production process of AAC

These materials are mixed as fine aggregates, and their particle size gradation is
critical. Coarse or poorly graded materials hinder the effectiveness of the expansion
agent used in the second step of the production process. Cement usage follows the
same principles as in conventional concrete production, serving as the binding
element that holds aggregates and additives together.

Through the hydration reaction between cement and water, the mixture solidifies into
a hardened material. In AAC production, all these materials are mixed with water to form
the initial slurry.
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b) Addition of expansion agent

In the autoclaved aerated concrete (AAC) production process, the expansion agent is
added to the concrete mixture to increase its volume, much like yeast is added to dough
in bread-making to make it rise. The purpose of this addition is to create numerous small
hydrogen bubbles in the mixture, similar to the carbon dioxide produced by yeast in
dough. This is achieved by the reaction of aluminum powder or paste, used as the
expansion agent, with lime and water in the mixture.

Additionally, other chemical additives such as metallic powders (e.g., aluminum or
zinc), liquid hydrogen peroxide (H20:), or mechanical foaming agents (foam-forming
substances) can also be used to induce expansion.

The pore formation mechanism in AAC due to chemical reactions involving
aluminum additives can be summarized as follows:

¢ The aluminum reacts with water and calcium hydroxide, releasing hydrogen
gas.

¢ This hydrogen gas creates microscopic bubbles within the mixture, leading
to the desired porous structure.

In the AAC production process, expansion occurs through the addition of an
expansion agent to the concrete mixture, similar to how yeast is added to dough in bread-
making to make it rise. The goal is to produce numerous small hydrogen bubbles in the
mixture, analogous to the carbon dioxide generated by yeast in dough. This is achieved
by the reaction of aluminum powder or paste, used as the expansion agent, with lime and
water in the mixture.

Additionally, other chemical additives, such as metallic powders (e.g., aluminum or
zinc), liquid hydrogen peroxide (H202), or mechanical foaming agents, can be used to
facilitate expansion.

The mechanism of pore formation in AAC resulting from the chemical reactions
involving aluminum additives can be summarized as follows:

CaO + H,O — Ca(OH), + 278 Kcal/kg
2 Al + 3Ca(OH); + 6 H,O — 3 CaO . AI,O3; + 3H,+ 3676 Kcal/kg
(Aluminum Powder + Lime + Water — Tricalcium Hydrate + Hydrogen)

The hydrogens formed as a result of this process move out of the mixture (Fig. 8a)
and are replaced by air. This process occurs when hydrogen, a lighter gas, rises and
replaces air, which is denser. Additives such as aluminum powder should be added to
the mixture as a swelling agent and mixed thoroughly, ensuring equal distribution
throughout. The aim here is to ensure that the material expands approximately 2-5
times its normal volume as a result of the formation of hydrogen bubbles (Fig 8b),
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providing an equal volume increase throughout the material. This volume increase
depends on the lime added to the mixture as well as the aluminum powder or paste.

The mechanism of void formation is similar to that of aluminum additive for
hydrogen peroxide additive. However, the formation of pores in concrete occurs as a
result of a binary reaction due to the weak oxygen bonds in the chemical structure of
hydrogen peroxide, and these reactions are given below.

Ca(OH), + H,O, — Ca0, + 2H,0
(Hydrated Lime + Hydrogen Peroxide — Calcium Peroxide + Water)
Ca0; + 2H,0 — 2 Ca(OH), + O;
(Calcium Peroxide + Water — Slaked Lime + Oxygen)

Both additives provide less swelling and a higher density material, while more
swelling provides a lower density material. Although the lower density is due to the
presence of more microscopic air bubbles, this provides higher heat resistance properties
in the material.

:

Figure 8. AAC production process
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c) Rising, shaping, pre-curing, and cutting

The hydrogen bubbles formed by the reaction of aluminum powder added to the
slurry mixture cause the material to expand to at least twice its original volume. This
process occurs within a period of 30 minutes to 4 hours, during which the mixture
begins to solidify.

After mixing, the slurry is poured into molds placed on casting carts, filling only
2/3 of their capacity (Fig. 8c), and left to expand. A few hours later, as the chemical
reactions progress, hydrogen bubbles form, causing the mixture to rise. The partially
solidified AAC block is then transferred to a cutting machine (Fig. 8d). In the final
step, the cut blocks are subjected to a steam curing process for approximately 10
hours. Once these steps are completed, the AAC production process is finalized, and
the blocks are packaged.

After the expansion agent is mixed into the slurry, the mixture is poured into
metal molds designed to allow the material to rise. If the AAC is to be cast as panels
or slabs, steel reinforcements are placed in the mold before the mixture is poured.
The mixture is typically poured into molds measuring 20 feet (6.10 m) x 4 feet (1.22
m) x 2 feet (0.61 m) and left for a few hours to undergo initial expansion. This pre-
curing phase ensures that the material retains its shape once removed from the mold.
The cured blocks can then be cut into desired shapes using a device with fine wires
(Fig. 8e). Standard AAC block sizes include 8 inches (20 cm) in width, 24 inches
(61 cm) in length, and thicknesses ranging from 4 to 12 inches (10-30 cm). Larger
blocks can be cut into solid brick-like units, similar to concrete masonry units.
However, unlike concrete masonry units, AAC materials can be cut into larger sizes
due to their lighter weight.

d) Final curing in autoclave

The autoclave can be defined as a robust, pressurized, hot steam chamber (Figure
8f). During the curing process of autoclaved aerated concrete (AAC), the autoclave
operates similarly to a pressure cooker. At this stage, the blocks are cured with high-
pressure steam, allowing the chemical reaction between cement and water—
hydration—to occur rapidly, resulting in a significant gain in strength.

This process enables the quartz sand to react with calcium hydroxide, continually
forming calcium silicate hydrate, the compound responsible for the material's
physical strength properties. The high-pressure steam curing in autoclaves is the key
to AAC's combination of low density and high compressive strength.

After cutting, the casting carts are transferred to the autoclaves, where the
material is cured under saturated steam conditions at 12 atm pressure and 190°C for
10-12 hours. By the end of this process, the material achieves its final strength and
dimensional stability.
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Witmann (1992) and Holt and Reivo (2005) describe the reactions that occur in

the autoclave as follows:
Ca(OHz) + Si0, +xH,O — Ca0.Si0,.xH,0
Lime + Silica + Water — Monocalcium Silacate Hydrate

The purpose of steam curing AAC is to reach the hardness that normal concrete
can reach by subjecting it to water curing at 21°C for 28 days, in a time varying
between 8-14 hours through autoclaving. The hardening process begins as a result
of the calcium hydrosilicate and aluminum hydrosilicate formed in the material.
When a certain level of strength is reached, it is cut to the desired dimensions (Figure
8g) by means of special steel wires in an automatic cutting machine.

e) Packaging and transportation

The aerated concrete, which has been cured for approximately 12 hours, is
removed from the autoclave and shipped to the market through a packaging and
transportation process (Fig. 8h). However, there must also be a process for the
material coming out of the autoclave to cool down. The idea that the time until
packaging is sufficient for cooling or that a cooling phase should be experienced
before packaging varies from manufacturer to manufacturer.

2.4. Properties of AAC
Under this heading, the physical, chemical and mechanical properties of aerated
concrete will be discussed.

2.4.1.Physical characteristics

Regarding the physical properties of AAC material, material color and internal
structure, specific gravity, porosity, thermal conductivity, thermal expansion,
melting point, shrinkage, equilibrium humidity, water absorption and drying, vapor
permeability, frost resistance, fire resistance, sound insulation and sound absorption
properties (Table 3) are explained below.

Material Internal Structure, Color, and Surface Texture:The structure of the
autoclaved aerated concrete (AAC) material is characterized by circular macro-pores
ranging between 0.5-1.5 mm in diameter. These macro-pores are surrounded by
micro-pores. Depending on the type of siliceous raw material used, AAC can be
white, gray, or pink in color. Since quartzite is commonly used, it is typically white.
The surface texture can be smooth or striped-rough, depending on the properties of
the steel wires used in the cutting machines.

Specific Gravity: The average specific gravity of the AAC material without
voids is 2.60 kg/dm?.

Porosity: The porosity of AAC varies inversely with its dry unit weight.
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Table 3. Some properties of AAC

Unit Weight Porosity Thermal Conductivity Modulus of Elasticity Shear Stress
t/m3 % W/m°K Kg/cm? Kglem?
0.31-0.40 85-88 0.08-0.09 3800 0.8
0.41-0.50 81-85 0.12 7 500 0.8
0.51-0.60 77-81 0.14 12 500 0.8-1.2
0.61-0.70 71-77 0.18 20 000 0.8-1.2
12
0.71-0.80 69-73 0.19 42000

Thermal Conductivity: Due to the micro and macro pores that constitute 80%
of gas concrete, its thermal conductivity value is low.

Thermal Expansion: The thermal expansion coefficient of AAC is 0.008
mm/m°C in the temperature range of 20-100°C.

Specific Heat: The specific heat capacity is 0.24-0.26 Kcal/kg°C when the
material contains 2-5% equilibrium moisture by weight.

Melting Point: AAC begins to sinter (vitrify) around 1000°C and starts melting
at approximately 1100-1200°C.

Shrinkage: AAC undergoes volume reduction as the moisture content decreases
and gains volume as the moisture content increases.

Equilibrium Moisture: Building materials release the moisture absorbed during
production, transportation, and construction over time, reaching a stable moisture
level called equilibrium moisture. This level varies slightly based on the dry unit
weight of AAC and the relative humidity of the environment.

Water Absorption and Drying: The primary reason for the water absorption of
artificial stone materials is the capillary structure formed as excess production water
is expelled from the material. During production, only a small portion of the water
added to the mixture remains chemically bonded, while the rest is expelled through
evaporation. Approximately 50% of the added water is expelled in gas concrete.

The rate at which water is expelled is significant; faster drying leads to a more
developed capillary structure. In AAC production, the amount of expelled water is
minimal because there is no drying or firing process. Instead, chemical curing occurs
in high-pressure steam, resulting in a weak capillary structure that limits water
movement through the pores.

The amount of moisture contained in a building material that is saturated with
water determines the water capacity of that material. As the water capacity in
building materials approaches the total amount of voids, the material becomes
sensitive to freezing and loses its thermal insulation properties due to the effect of
moisture. It is stated that approximately 60% of the voids in AAC material remain
dry even when saturated with water.
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Vapor Permeability: Due to its porous structure, AAC has a low vapor
permeability resistance (u = 5-7), which represents the ratio of the resistance to vapor
transfer of the material per unit thickness to that of an air layer of the same thickness.
This property allows the material to "breathe" easily in construction. However, in
frost-prone regions, if AAC walls are left unprotected, this characteristic can
significantly damage the material's structure.

Frost Resistance: In standard concrete, water typically resides in the gel and
capillary pores within the cement paste, as well as in and between the aggregates.
When water in the aggregates freezes, its volume increases by approximately 9%. If
there are no voids to accommodate this expansion, the concrete reaches a critical
saturation point, leading to high stresses caused by hydraulic pressure. This can
result in cracking, loss of strength, and even spalling of the concrete surface.

Under normal conditions, the maximum moisture content of water-saturated AAC is
approximately 30-35% by volume. Considering that the total void volume of AAC
is 70-85% by volume, there is sufficient dry space within the material to
accommaodate the expansion of ice crystals. This provides the material with excellent
frost resistance.

However, in cases of sudden frost following heavy rainfall, critical moisture levels
may be exceeded in sharp edges, corners, and profiles, leading to frost damage in
these areas. Protecting the material with a surface coating during winter months is
an effective solution to this issue.

Fire Resistance: AAC is considered non-combustible and provides the highest
hourly fire resistance (Fig. 9) per centimeter thickness among all construction
materials. It is ideal for fireproofing steel columns and beams, making it an excellent
choice for use in fire protection systems.
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Figure 9. Temperature change of AAC with time
Sound Insulation: Due to the highly porous structure of AAC materials and the

ability of sound energy to easily convert into heat energy within these pores, the
average sound insulation values of AAC materials are approximately 2 dB higher
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than those of some other construction materials when compared on a per-unit weight
basis.

Sound Absorption: When sound energy strikes the surface of a material, a
portion is absorbed depending on the type of material and surface texture, while the
remainder is reflected (Fig. 10). The sound absorption coefficient, defined as the
ratio of absorbed sound energy to incident sound energy, increases as it approaches
1, indicating better sound absorption. When the coefficient reaches 1, all incoming
sound energy is absorbed.
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Figure 10. Schematic view of the sound absorption property of AAC

{0 HH|

=

AAC, with its porous surface and high porosity, is a good material for sound
absorption. Within the frequency range of 125-4000 Hz, AAC exhibits a sound
absorption coefficient ranging from 0.10 to 0.27.

2.4.2. Chemical properties

In terms of its chemical properties, it is possible to examine AAC under two
headings: its resistance to chemical factors and its dissolution in water.

Resistance to Chemical Agents: AAC has an alkaline structure composed of
silica hydrates, with a pH value ranging from 9.5 to 11.0. This makes it susceptible
to acidic environments. Sulfuric acid, hydrochloric acid, and acetic acid can damage
the material's structure, while chlorides, sulfates, and nitrates can harm the
reinforcement. For this reason, AAC should be protected from seawater. In
environments with intense and continuous exposure to chemically aggressive
substances, AAC must be safeguarded with surface coatings resistant to these
chemicals.

Solubility in Water: The hydro-silicates that provide strength to AAC are
insoluble in water. However, if other components used in production (such as sand,
lime, cement, or water) contain water-soluble salts, these salts can crystallize on the
material's surface under specific environmental conditions, leading to efflorescence.
Efflorescence is primarily influenced not by the amount of soluble salts but by the
rate of capillary water movement within the AAC and the drying speed on the
surface.
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2.4.3. Mechanical properties

The mechanical properties of concrete, such as compressive strength, tensile
strength, shear strength, and modulus of elasticity, are also applicable to gas
concrete. Additionally, AAC possesses unique mechanical characteristics, as
described below:

Compressive Strength: The compressive strength of AAC depends on its dry
unit weight and moisture content. According to TS 453, the compressive strength of
AAC materials is determined using the cube test. In this test, 15x15x15 cm cubes are
dried until they reach 10% moisture by weight, after which they are tested for failure
under compression. AAC loses strength as its moisture content increases, with a
strength reduction of up to 35% observed between fully dry and water-saturated
states.

Tensile Strength: The tensile strength of AAC is approximately 1/6 of its
compressive strength, ranging from 2 to 12 kg/cm?.

Modulus of Elasticity: The modulus of elasticity of AAC varies depending on
its dry unit weight and cube strength.

Flexural-Tensile Strength: The flexural-tensile strength of AAC is about 1/5 of
its compressive strength, ranging from 3 to 15 kg/cm?.

Shear Strength: The maximum allowable shear stress in AAC is 1.2 kg/cm?.

Creep: AAC exhibits creep under continuous loading. Studies have shown that
the creep of AAC within permissible load limits is less than that of dense concrete.
This is because AAC completes its chemical bonding during autoclaving. In contrast,
dense concrete undergoes crystal changes under load and continues to experience
chemical changes over a long period.

2.5. Areas of use of AAC

The use of AAC, which has been used in Europe for years and has increased in
our country in recent years, is widespread in the construction sector. The AAC
produced is used in the form of building elements (mortared and glued wall blocks,
heat blocks, hollow blocks, insulation plates, door and window lintels, partition
elements, ready-made walls, carrier roof and floor elements).
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2.6. Classification of AAC components and elements
AAC building elements are categorized into five classes based on the presence of
reinforcement, compressive strength, specific gravity, the binder used for bonding,
and the type of blocks.
This classification is as follows:

a) Based on the presence of c) Based on specific gravity:
reinforcement: e Group 0.4 kg/dm?
e Non-reinforced AAC e Group 0.5 kg/dm?
(Building material) e  Group 0.6 kg/dm?
e Reinforced AAC (Building e Group 0.7 kg/dm?
element) e Group 0.8 kg/dm?
b) Based on compressive strength d) Based on the binder used for
(Table 4): bonding:
e Gl: 1.5 N/mm? o Bonded with adhesive (T)
e (2:2.5 N/mm? e Bonded with mortar (H)
e (3:3.5 N/mm? e) Based on the type of blocks:
e G4:5.0 N/mm? e Plain blocks
e G5:7.5 N/mm? o Interlocking blocks

e Tongue-and-groove blocks
In addition to this classification, special purpose hollow blocks, insulation plates,
door and window lintels, floor plates, roof panels and vertical and horizontal wall
elements (Fig. 11) are also produced.
AAC materials are also classified as non-reinforced building materials and
reinforced building elements. These are:

a) Non-reinforced building materials:

o Wall blocks e U-blocks
e Plain blocks e Hollow core blocks
e Interlocking blocks o Insulation blocks

b) Reinforced building elements:
> Load-bearing elements:
e Floor slabs
e Roof slabs
o Vertical wall elements
e Lintels
> Non-load-bearing elements:
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Horizontal wall elements
Vertical wall elements

Partition wall

elements

Table 4. Characteristic properties of AAC according to their compressive

strength

Average Minimum

Minimum

Average Unit

Class Compressive Sztrength Compressive Unit Welght Weight Class Sign
Kgf/cm Strength (kg/dm?) (kg/dm?)
(N/mm?) Kgf/cm? (N/mm2) g
0.4 0.31-0.40 G 1/0.4
Gl 15 (1.5) 10 (1.0)
0.5 0.41-0.50 G 1/0.5
0.4 0.31-0.40 G 2/0.4
G2 25(2.5) 20 (2.0)
0.5 0.41-0.50 G 2/0.5
0.5 0.41-0.50 G 3/0.5
G3 35(3.5) 30(3.0)
0.6 0.51-0.60 G 3/0.6
0.6 0.51-0.60 G 4/0.6
G4 50 (5.0) 40 (4.0)
0.7 0.61-0.70 G 4/0.7
0.7 0.61-0.70 G 6/0.7
G5 75 (6.0) 50 (5.0)
0.8 0.71-0.80 G 6/0.8

a. Non-reinforced building materials
These materials can be divided into four groups: wall blocks, hollow blocks, U-
blocks and insulation plates.

Non-load-bearing
interior walls -

Non-load-bearing
external walls

Al

g7

Roof Panels

»

>

»

Load-bearing interior
end exterior walls

Figure 11. AAC building elements
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Wall blocks: They are used in lightweight masonry structures with a thin plaster
in the construction of masonry walls and in the construction of infill walls in
reinforced concrete structures (Fig. 12). There are two different production types in
the production of wall blocks: plain block and interlocking block.

A b

Figure 12. Plain wall block and interlocking wall blocks

Hollow block: AAC hollow block are building materials produced in sizes 40x30
cm, 40x60 cm from 20 cm to 60 cm thick. Hollow block (Fig. 13) is used as hollow
block filling material especially in serrated floors where high average heat insulation
value is required.

Figure 12. Hollow blocks

U blocks: They are used instead of wooden formwork (Fig. 14) in the production
of reinforced concrete bonding, columns or beams that must be inside the walls. They
are used especially in the production of the upper reinforced concrete bonding of
masonry structures, ensuring a homogeneous surface on the inner and outer walls. In
addition to this use, they can also be used in the production of intermediate bonding
on high walls, the production of the upper bonding of roof shield walls, the
production of chimneys, the concealment of rain downpipes and the concealment of
reinforced concrete surfaces in the construction of fire walls.
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Figure 14. U blocks

Insulation blocks: Insulation plates (Fig. 15) are used to insulate surfaces that
are walked on, to insulate old or new external walls with insufficient thermal
insulation, and to insulate horizontal or vertical concrete external surfaces.

Figure 15. Insulation plates

b. Reinforced building elements

Reinforced AAC elements are produced with double-row steel mesh
reinforcement and are profiled in various forms, including plain, tongue-and-groove,
dovetail, and free-channel designs. These elements eliminate the need for formwork,
rebar preparation, and setting time during construction, thus saving labor and time.
Thanks to these advantages, construction with these elements can be carried out
under all weather conditions.

Although reinforced structural elements are categorized as load-bearing and non-
load-bearing, they can be further examined under four main categories: roof and
floor elements, vertical and horizontal wall elements, partition wall elements, and
lintels.

Roof and Floor Elements: AAC floor and roof slabs (Fig.16) are structural
elements with thicknesses ranging from 10 cm to 30 cm and lengths up to the
building’s full span. They are used to form roofs and floors on wooden, concrete, or
steel supports in both masonry and frame constructions.

Roof slabs are prefabricated reinforced structural elements designed primarily for
solid roofs in industrial buildings and residential structures. These slabs can be used
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for various roof applications, including flat, sloped, ventilated, and non-ventilated
designs.
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Sekil 16. Roof and floor Eléments

Load-Bearing Vertical and Horizontal Wall Elements: These elements are
used as load-bearing internal and external walls (Fig. 17), and are produced in
thicknesses ranging from 15 cm to 25 cm, with a maximum height of 3 meters. They
are designed to withstand wind loads of up to 90 kg/m?. These elements are used for
load-bearing internal and external walls in residential buildings up to three full
stories and in structures where dynamic loads are not significant. Vertical wall
elements are placed on a reinforced concrete plinth, which is raised approximately
30 cm above the ground level.

B

Figure 17. Horizontal and vertical load-bearing wall elements

Partition Wall Elements: AAC partition panels are structural elements produced
in thicknesses ranging from 10 cm to 25 cm, with a maximum length of 6 meters,
and can withstand wind loads of up to 90 kg/m?. These elements are produced in
longitudinal, beveled (to remove sharp edges for sloped surfaces), or non-beveled,
rectangular or tongue-and-groove profiles.

Lintels: Lintels are AAC structural elements (Fig. 18) used above doors and
windows, produced with reinforcement. Lintels are placed with equal overhangs on
both sides. Non-load-bearing lintels are supported with a minimum overhang of 15
cm, while load-bearing lintels require a minimum overhang of 20 cm. They are
anchored using AAC adhesive or cement mortar.
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3. Conclusion

AAC products offer several advantages over other similar wall materials, which
can be categorized into benefits in design, construction, and performance. In design,
AAC simplifies the planning process by reducing the thickness of exterior walls and
allowing for slimmer building supports. During construction, its easy workability,
precise dimensional production, light weight, and suitability for packaged
transportation contribute to significant time and cost savings. As a building material,
AAC stands out with its wide range of properties, offering the strength and stability
of a solid material despite its light weight. It possesses adequate compressive
strength, excellent thermal insulation, balanced heat storage, and diffusion behavior,
making it an ideal choice for energy-efficient construction. Furthermore, its fire
resistance, shape stability, low water absorption, and minimal susceptibility to
freezing enhance its durability and longevity. The material's sound insulation
properties, non-toxic composition, seismic resistance, and environmental
friendliness make it a safe and sustainable option for modern buildings. Additionally,
its ease of cleaning, repair, and low maintenance costs further solidify its value as an
effective and efficient building material.

In conclusion, autoclaved aerated concrete (AAC) stands out as a superior
building material compared to other similar wall products, offering significant
advantages in design, construction, and performance. Its contributions to design
include facilitating easier project planning, reducing exterior wall thickness, and
enabling slimmer structural elements. In construction, AAC’s lightweight, ease of
handling, precision manufacturing, and convenient packaging streamline building
processes.
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INTRODUCTION

Water, which plays an important role in industrial processes, has a direct
impact on efficiency, equipment life and energy consumption, whether used in
cooling systems, steam production or factory production processes. The quality
of the water used can be improved by water treatment processes that are
maintained within the correct physical and chemical parameters. Water
treatment is a series of chemical and physical processes applied to ensure
efficient and safe operation of industrial systems by increasing the quality of
water.

Industrial water treatment chemicals play a critical role in these processes.
Water treatment chemicals are an important requirement in ensuring water
safety, improving water quality and increasing the efficiency of industrial
processes. The increasing industrial demand in our world ensures the growth of
the market for these chemicals every day. At the same time, the pollution of
groundwater increases the use of chemicals for water treatment. Not only
increasing water pollution, but also problems such as global warming indicate
that this sector will grow. However, challenges such as high costs and
competition from alternative technologies will require innovation and the
development of other cost-effective solutions to meet the global demand for
clean water.

Use of Water Resources

Water, one of the basic elements of life used to meet various needs such as
agriculture, industry and energy production, is formed from water resources
found on the surface and underground. Sustainable management of water
resources that meet the vital needs of people is very important. Water resources
play a vital role in many areas such as irrigation in agriculture, providing drinking
water, industry, energy production and the continuity of ecosystems (Minibas,
2008).

Water resources can be provided from two main sources: surface sources such
as rivers, streams, lakes and dams, or underground water sources such as aquifers
and wells. In addition to these, a third water source can be considered as
atmospheric water sources such as rain and snow water. Streams and rivers,
which also provide water displacement depending on changes in the groundwater
level, are widely used for energy production and irrigation. Many of the lakes that
form large water masses by accumulating water on the surface constitute
freshwater sources. Dams built on rivers are water reservoirs and are used both
to provide drinking water and to generate electricity (Ulusoy, 2007).
Underground water resources are located in the soil without reaching the surface.
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Aquifers are water resources located in rock layers that carry water under the soil.
Agquifers are usually extracted by wells and used to provide drinking water. Wells
are an important source, especially in rural areas, to reach underground water
resources. Another example of water resources is rainwater, which is formed
when moisture in the atmosphere condenses and falls to the ground. Rainwater
collection systems are an important resource, especially in regions with water
shortages. Snow in the mountains and glaciers in the poles can melt to form rivers
and lakes, and they are important sources of water supply, especially in
mountainous regions and cold climates (Ozsoy, 2009).

The protection and proper management of water resources are of great
importance for future water security. Pollution of water resources, excessive
consumption and the decrease of these resources due to climate change cause
serious problems. For example, water scarcity in agricultural production can
cause yield losses and this may require the reconsideration of agricultural policies
(Arslan, 2018). As people's needs change day by day, the factors that threaten
water resources may also change. However, the main threats can be listed as
shown in Figure 1.

THREATS TO WATER RESOURCES

Water Pollution Overconsumption Climate Change

Population Growth Change in
Precipitation

Pattern

Agricultural

Chemicals

Industrial Waste

Improper Water

Management Temperature
Increases

Household Waste

Figure 1: Threats that can disrupt the balance of water resources.
Today, water use in cities, water resource management, climate change,

population growth and increasing dependence on surface water in metropolitan
areas have become even more critical. As stated in Sarig's study, the increasing
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rate of water withdrawal from rivers and the challenges dams face with climate
change pose significant risks to water security (Sarig, 2021). In this sense,
understanding the behavior of water users, developing environmentally friendly
solutions and maintaining the supply-demand balance, emphasizing awareness
on consumer behavior and water use are important for future water management
strategies (Ciner, 2017). Such studies provide important information on the
analysis of precipitation data, the optimum use of water resources and the
assessment of the effects of climate change (Ozfidaner et al., 2016). This holistic
approach can contribute to the adoption of more conscious and sustainable
approaches in water use and is of critical importance for the sustainable
management of water resources.

Considering the effects of climate change and agricultural activities on water
resources, it has been revealed how the concept of basin management is
integrated into strategies in Turkey and what role this approach plays in the
protection of water resources (Yildirimer, 2024). Water use in the future requires
a more conscious approach at both individual and social levels. In this context,
elements such as water footprint analyses (WAS), basin management policies
and understanding consumer behavior are of critical importance for the
sustainable management of water resources. Batan provides important data on
how water use can be optimized under drought conditions with the WAS
analyses he conducted in Sanliurfa province (Batan, 2021).

Water scarcity is a growing global concern, and industries are turning to
innovative solutions such as industrial desalination and industrial wastewater
treatment to address this challenge. Industrial water treatment is a critical
component of sustainable industrial practices that address both environmental
concerns and operational efficiency. The importance of this area is underlined
by the increasing demand for water in industrial processes. As of 2011, this
demand accounted for approximately 24% of total water consumption in many
countries, of which a staggering 80% was used in the circulation of cooling water
(Liu and Zhou, 2012).

One of the main issues in industrial water treatment is the need to reduce
pollution and improve water reuse. For example, the textile industry has been
identified as a significant contributor to water pollution, requiring continuous
monitoring and advanced treatment technologies to effectively manage
wastewater (Rabbi et al., 2018). As industrial organizations face increasing
regulatory pressures and public scrutiny regarding their environmental impacts,
effective water treatment strategies are becoming important not only for
compliance but also for resource conservation and economic viability.
Conventional water treatment methods are often inadequate in cases of high
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contamination. Therefore, the use of innovative solutions such as anaerobic
fluidized bed reactors and aerobic moving bed reactors is inevitable (Rabbi et
al., 2018). The recycling of treated wastewater is recognized as a viable strategy
to alleviate freshwater scarcity, especially in water-stressed regions (Boysen et
al., 2020; Intaraburt et al., 2022). In this sense, the economic impacts of water
treatment cannot be ignored and the development of innovative materials and
technologies for wastewater treatment is of vital importance (Anikin and
Shilkov, 2018). Furthermore, the integration of nanotechnology into water
treatment processes has shown promising results in increasing efficiency and
reducing costs, but these technologies need further validation on larger scales to
reach their full potential (Jassby et al., 2018).

Ensuring water reuse in industrial areas can significantly reduce factories’
dependence on natural water resources (Bauer et al., 2019). Thus, industrial
water management helps preserve our freshwater resources with sustainable
practices and offers new opportunities for water reuse and recycling in various
sectors. Ultimately, the economic value of water in an industrial context
highlights the need for effective water management strategies that balance
environmental stewardship with economic viability (Ku and Yoo, 2011). From
the oil industry to mining, from manufacturing to agriculture, many businesses
are looking for new ways to reduce their water footprint, increase efficiency, and
minimize environmental impact. In this respect, a good understanding of today’s
raw water processing and treatment technologies allows us to foresee how new
water technologies will improve water management in industries.

Water in the world’s hydrological cycle can be provided from four main
sources: rainwater, surface water, groundwater, and seawater. It is not correct to
think that these resources will meet the needs of all humanity forever without
depletion. After the rapidly increasing population and urbanization, it is
important to purify and reuse water polluted as a result of drinking, agricultural
use and industrial activities or to release it in a way that will not harm nature.
Thus, water included in the recycling from natural sources can be recovered with
lower cost and higher percentage efficiency. The conversion of raw water taken
from natural sources into utility water or industrial water form can be
summarized in Figure 2.
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Figure 2: Stages of processing raw water by physicochemical means

The treatment process of water taken from the source is a critical process
aimed at ensuring the safety and quality of drinking water and the effective
management of wastewater. Regardless of the source, physical filtration is
essential as the primary process. In fact, physical treatment is a method used in
many stages of water treatment procedures. Physical filtration will both act as a
barrier in capturing suspended solids and contaminants and will also undertake
a cost-reducing task for the chemical and physical treatment processes to be
applied later. At this stage, whether in wastewater treatment or raw water
processing, physical filtration processes such as Mechanical Cleaning,
Sedimentation, Coagulation, Flotation and cartridge filtration can be used.
However, physical filtration processes are not sufficient for the removal of
dissolved solids. Therefore, in addition to physical filtration in water, chemical
treatment processes must also be applied. Physicochemical treatment techniques
such as precipitation with chemical addition, ion exchange, reverse osmaosis or
demineralization can also be used. Chemical treatment techniques are applied
not only for the removal of dissolved ions or molecules, but also for the removal
of biological pollution. At this stage, sodium hypochlorite, hydrogen peroxide,
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chlorine dioxide, sodium metabisulphite or ozone gas applications are
commonly made.

After applying one or both of the physical or chemical treatment methods,
water suitable for many areas such as people's drinking water needs, factory
process water needs, agricultural and food industry water needs is obtained. It is
possible to use the obtained water after these stages by applying simple water
conditioning techniques in areas such as factory process water. However, in
industrial branches where heating and cooling systems are important, such as the
iron and steel industry, thermal power plants, nuclear energy facilities, textile
dyeing industry, chemical treatment of water requires complex interventions that
must be carried out very carefully.

Water Conditioning Processes

Water is needed in every area of industry, just like in homes and cities. Water
conditioning is very important in the phase where utility water meets industrial
needs. In particular, the conditioning of boiler feed water, cooling water and
industrial process water is necessary for the sustainability of industrial
production.

Water conditioning is a process carried out to keep the pollutants and
dissolved substances contained in water at a certain level, thus increasing
efficiency in industrial systems, protecting pipelines, heat exchangers, boilers and
other equipment and preventing malfunctions. This process requires the use of
various chemicals to regulate the hardness, acidic or basic properties of water, the
amount of microorganisms and other chemical parameters.

In applications such as heat exchanger systems where heat transfer is
provided, the use of chemicals is inevitable in order to prevent deposit formation.
Especially in high-pressure steam boilers, impurities in water can form boiler
scale in the form of sediment on the boiler walls. This not only reduces heat
transfer efficiency, but can also cause crevice corrosion and boiler perforation.
This situation causes the boiler temperature and pressure to drop and the boiler
pipes to scorch due to the liquid leaking from the cracks. For this reason, it is
desired that the boiler usage water is close to pure water or has soft water
properties. In high-pressure steam boilers that feed electricity production systems
such as turbines, it is not enough to remove the hardness of the boiler feed water
alone. In such systems, it is desired that there are no dissolved salts that cause the
boiler water conductivity to increase.
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Boiler Water Conditioning

The conditioning of boiler systems that meet the hot water or steam needs in
many industrial areas begins with the shaping of the feed water. Factories make
their boiler selections in line with their needs at the first stage. In industrial flame
tube steam boiler systems, soft water obtained by removing Ca+2 and Mg+2 ions
from raw water is mostly used. In industries where the steam demand is higher
and needs to be provided faster, water tube boiler systems are preferred. These
systems require great sensitivity in terms of water conditioning. Because it is not
enough to provide feed water in the form of soft water to such systems. No matter
how purified the boiler feed water is, the impurity concentration in the boiler
increases due to evaporation. Depending on the boiler pressure, it is desired that
the total dissolved salt concentrations, silicate and hydroxy! alkalinity are within
certain values. In boiler water conditioning, processes such as oxygen removal,
pH adjustment and removal of impurities by blowing should be carried out in
order to prevent deposit formation and corrosion and to ensure pure steam
production. Therefore, the use of chemical conditioners is necessary in boiler
water treatment. In boiler water systems, the removal of dissolved oxygen,
which causes pitting corrosion in particular, can be reduced to a certain value
with mechanical systems such as deaerators, but it can be reduced to the desired
levels with chemical methods. For this purpose, oxygen-binding chemicals such
as sodium sulfite, hydrazine, carbohydrazide, and diethyl hydroxylamine are
used. Chemicals are also used to prevent the formation of boiler deposits and to
ensure that the boiler pH value remains within optimum ranges. These include
complexing compounds such as sodium metaphosphate, disodium hydrogen
phosphate, and/or trisodium phosphate, which hold calcium and magnesium and
prevent them from forming hard deposits. Coordinated phosphate compounds
also hydrolyze in the boiler water, ensuring that the boiler water remains in the
alkaline region. These compounds can also form films on clean pipe surfaces,
thus delaying metal corrosion. Chemical use is not only used for boiler interior
conditioning, but is also used to protect environments where the vapor phase
condenses (condensate lines, turbine blades, etc.) from corrosion. Volatile
compounds such as ammonia, morpholine, hydrazine and cyclohexylamine are
used to prevent corrosion caused by the formation of carbonic acid in pure water
formed by condensation of steam. These chemicals do not increase the amount
of dissolved solids in the boiler and can therefore be used in high-pressure and
single-pass boilers. This conditioning technique is generally used in drum boilers
to adjust the pH of condenser and feed water and to neutralize carbon dioxide.
In this system, amines also provide protection to turbines with their volatile
properties. However, the inability to buffer the boiler water environment makes
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pH adjustment difficult. Therefore, it is very important to remove or retain hard
deposit-forming impurities entering the boiler water. Removal of certain
contaminants such as dissolved silica is another critical aspect of industrial boiler
water treatment. Silica can cause hard deposit formation in boilers and turbines,
leading to operational inefficiencies and increased maintenance costs (Sasan et
al., 2017). Therefore, effective silica removal techniques are required to
maintain the integrity of industrial systems. In addition, the presence of heavy
metals in industrial wastewater poses significant environmental risks and
requires stringent treatment protocols to meet regulatory standards (Fayomi et
al., 2016). Today, these heavy metal or dissolved silica impurities that pollute
boiler waters are no longer a problem by using an effective chemical treatment
method. The use of organic or inorganic based complexing agents, especially
used in boiler water treatment, prevents the accumulation potential of ions that
can cause permanent and temporary hardness.

Cooling Water Conditioning

Cooling water is indispensable for large-scale industries such as thermal
power plants, iron and steel factories and nuclear power plants. Since these
facilities require a large amount of cooling water, they are installed in areas close
to water sources such as lakes, streams or the sea. Since the hourly water usage
in these facilities is high, the conversion of raw water to soft or pure water is
costly. Softening of water from streams or ponds is possible with the use of cold
lime-soda, hot lime-soda, lime and cation exchangers. For facilities using sea
water, water purification methods such as reverse osmosis are needed. In both
cases, industrial chemicals are needed for the regeneration, cleaning and
operation of these facilities.

The use of softened or pure water in cooling systems requires a good
chemical conditioning program. In particular, it is desired that the temperature
difference of the cooling water does not exceed 10-15 °C in heat transfer systems
within the facility. In systems where the temperature difference is high, the
formation of hardness deposits or the possibility of corrosion increases.
Therefore, total hardness inhibitor and corrosion inhibitor chemicals should be
added to the cooling system water. In cases where the cooling process is
provided by tower systems open to the atmosphere, there is a constant new water
supply to the system due to evaporation loss. Thus, the water concentrated in the
cooling system contains more salinity and impurities. These impurities, which
cause the conductivity to increase, must be removed from the system with daily
blowdowns.
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In cooling waters, coordinated phosphate compounds as well as bases such
as sodium hydroxide are used to maintain the pH value between 7.5-9.0.
Sometimes, pH-controlled sulfuric acid dosing can be done. In these systems,
corrosion rate and total hardness values must be constantly controlled and kept
in balance. For this purpose, stable conditions are determined using the Langelier
index sign. Cathodic and anodic inhibitors are used to control the corrosion rate
in cooling systems. Inhibition in a cooling water can be achieved by adsorbing
on the metal surface and forming a film layer or by reacting with the metal and
forming a solid film on the metal surface. In addition, the inhibitor can react with
molecules that can cause corrosion in water and dampen their effects.
Molybdates, chromates, zinc salts, nitriles, polyphosphates and medium
phosphates are the main inhibitors used in cooling water systems.

Cooling waters of tower systems open to the atmosphere may contain
dissolved gases such as saturated oxygen and carbon dioxide. It is important to
control these with chemical conditioning. However, the problems of these
systems open to the atmosphere are not only hardness formation and corrosion.
At the same time, microorganisms that reproduce in cooling water cause
mechanical problems as well as health problems. Semi-permeable films formed
by microorganisms cause corrosion by creating oxygen chambers. Chemical
disinfection process is applied to remove biological pollution in all usage waters
and is also used in cooling systems. Chlorine is a widely used disinfectant that
plays a vital role in protecting public health by reducing the risk of waterborne
diseases (Gitis and Hankins, 2018). Chemicals such as copper salts, mercury
salts and chlorine can be added to cooling systems periodically in order to
prevent microorganisms and algae. In addition to these, it is also possible to use
potassium permanganate and quaternary ammonium compounds that have a
biocide effect. However, chlorine use should be managed carefully due to the
potential health risks associated with its by-products (Masmali et al., 2023).
Additionally, the continuous addition of disinfectants to water lines has been
shown to keep bacterial numbers within acceptable limits, although it presents
difficulties in controlling resistant microorganisms such as Legionella (Leoni et
al., 2015).
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Table 1: Inhibitors used in various environments and their approximate
dosages (Yal¢in and Giirii, 2002)

Corrosive Inhibitor type Metal to be Approximate Usage Requirement
Environments protected dosage
A Polyphosphate 5-10 ppm Complex Generators
D;}:‘l:el:g Ca(OH)2 Fe, Zn, Cu, Al pH>8 pH Adjusters
Ca(HCOs3) 10 ppm pH Adjusters
Cooling NaxCrO4 Fe. 7n. Cu % 0,1 Anqdic Inhibit91'
Waters NaNO2 ’ %0.,05 Complex Bu}ldel‘s and F;llllmakers
NaHPO4 % 1 Complex Builders and Filmmalkers
Morpholine % 0,2 Complex Builders and Filmmakers
NaHPO4 10 ppm pH Adjusters
Polyphosphate 10 ppm Complex Generators
Morpholine Sufficient dose Oxygen Scavengers
. Hydrazine Fe Sufficient dose Oxygen Scavengers
The boilers Afmnonia According to Sﬁ-l Adjustersg
Octadecylamine pH Oxygen Scavengers
Sodium Sufficient dose Dispersants

Polymethacrylate

The Future of Chemical Water Treatment Technology

In the future, the use of treatment chemicals will be reshaped in line with
environmental sustainability goals. The integration of sustainability practices into
corporate strategies will provide a more effective approach to the management of
these chemicals (Risteska, 2023). Companies will need to conduct sustainability
reporting and independently secure these reports to minimize the impacts of these
chemicals on the environment (Temiz et al., 2022).

The future of chemical water treatment technology will show significant
changes in areas such as sustainability, digitalization, energy efficiency and the
development of alternative technologies. It can be said that this technology has
great potential in terms of protecting water resources and using water more
efficiently. However, new solutions and innovations are needed to make chemical
water treatment systems more environmentally friendly and energy efficient. One
of the developments in this area is the increasing use of reverse osmosis in water
treatment. This increase is improved by pretreatment, membrane permeability,
energy efficiency and chemical optimization regulations. However, reverse
osmosis is not the only way to desalinate water. Researchers are constantly
working on new studies in this field of water treatment methods. For example, a
team led by Shihong Lin has developed a new saltwater treatment method called
electrodialytic crystallization. This newly published innovative approach has the
potential to significantly reduce energy consumption and costs associated with
saltwater crystallization. Recent studies have also highlighted the importance of
optimizing chemical dosing in water treatment systems to improve water quality
while minimizing costs. For example, the chemical composition of the water
source significantly affects the amount of treatment chemicals required (Santana
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et al., 2014). We can examine how chemical water treatment technology will
evolve and develop in the future under several main headings:

-Environmental Sustainability and Green Chemicals

The future of chemical water treatment technology will move towards
developing environmentally friendly and sustainable solutions. Some chemicals
used today for water treatment, such as chromates, can harm the environment or
create difficulties in water recovery processes. In the future, the effectiveness of
environmentally friendly and biodegradable green chemicals is being examined
by research. Especially in the context of environmental sustainability, natural,
biological and biotechnological solutions are also emerging as innovative
approaches to water treatment. For example, the discovery of natural
flocculating agents obtained from plant materials offers a promising alternative
to traditional chemical coagulants. These natural substances not only reduce the
environmental impact of water treatment, but can also be used for various
applications thanks to their biodegradability (Cortes-Perez et al., 2021).

Nowadays, the integration of advanced technologies such as photocatalysis
for the removal of persistent pollutants in water is also being investigated (Choi
et al., 2023). Despite advances in water treatment chemicals and technologies,
management of some chemical contaminants continues to pose risks, especially
in areas such as hemodialysis where water purity is crucial (Mineshima et al.,
2018).

-Digitalization and Automation

With the advancement of technology, automation applications in water
treatment systems have increased. Using smart sensors, artificial intelligence (Al)
and machine learning (ML), water quality can be monitored instantly and more
efficient and precise control is provided. Especially in boiler systems, cooling
systems, wastewater treatment systems and pools, chemical usage can be
optimized in every area where water is used, and a safe and accurate water
treatment process can be applied.

-Specialized Water Treatment Needs

Industrial water treatment applications are creating more specialized water
quality requirements. Chemical water treatment technology will need to become
more flexible to provide specific chemical solutions to meet the needs of different
sectors, especially in areas such as wastewater treatment and water recovery.
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-Energy Efficiency and Carbon Footprint

In the future, industrial facilities may make improvements to their chemical
water treatment processes to increase energy efficiency and reduce their carbon
footprint. Water treatment chemicals that operate at lower temperatures for less
energy and fewer chemicals, or solutions that will allow more efficient use of
waste heat, can be developed.

-Development of Smart Chemicals and Alternative Technologies

In the future, it is expected that alternative technologies will develop that can
replace chemical water treatment or reduce chemical consumption. For example,
processes such as membrane technologies, photodynamic processes and
electrocoagulation can disinfect water without chemical additives. Chemical use
can be controlled and costs can be reduced thanks to smart devices and software.
In addition, some physical and biological method applications such as reverse
osmosis, ultraviolet light or electrochemical methods can be tried to be used
instead of chemical water treatment. In this process, the needs created by global
climate change make water recovery important and water resources management
and supply security gain importance, and increasing water scarcity necessitates
more efficient and effective use of water. Chemical water treatment technology
will play an important role in water recovery and reuse by reducing industrial
water use with the production of new smart chemicals.

The future of treatment chemicals will be shaped in line with sustainability
principles and companies are expected to fulfill their environmental, economic
and social responsibilities in this process. In this context, sustainability reporting
and transparency will be among the key elements that will determine the way
companies manage these chemicals (Aksoy, 2019; Saygili et al., 2020).

CONCLUSION

As a result of global warming and climate change, clean water resources are
gradually decreasing. In the future, desalination studies in water will gain
importance. The reduction of high energy consumption spent for obtaining pure
water and the use of environmentally friendly chemicals for membrane cleaning
should be encouraged.

Safe and trouble-free operation of pressurized steam boilers in a business and
continuous control of the water cycle are possible with the use of water treatment
chemicals. Important industrial organizations employ chemists and chemical
engineers in shifts to ensure the control and correct management of cooling
systems. The water treatment chemical expenses required for a trouble-free water
cycle of businesses are naturally increasing. In the future, the budget that
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industrial organizations will allocate for chemicals such as hardness inhibitors
and oxygen scavengers used for boiler water conditioning and water treatment
chemicals such as microorganism inhibitors, hardness and corrosion inhibitors
used for cooling water conditioning will constitute a very significant cost.

In addition, effective use of water treatment chemicals is necessary to provide
safe drinking water and discharge wastewater in the future. The development of
innovative treatment methods and optimization of chemical processes are
important for addressing the challenges associated with water quality
management. Industrial water treatment encompasses environmental protection,
resource conservation and economic efficiency. As industries continue to evolve
in response to global water challenges, the adoption of innovative treatment
technologies and sustainable practices will be crucial to ensuring the long-term
viability of industrial operations. We must not forget that the protection and
efficient use of water resources is of vital importance not only for present
generations but also for future generations.
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1. INTRODUCTION

Rail systems are ideal for both intra-city and inter-city transportation and are
open to development. Rail systems can carry both freight and passengers. This
transportation system consists of vehicles, infrastructure and superstructure. Sus-
tainability, high capacity and safety advantages distinguish it from other trans-
portation methods (Aksu & Kaplan, 2022).

Rail systems offer advantages such as sustainability, high passenger and
freight transport, high capacity, low accident rates and renewable energy use.
However, there are problems such as high investment costs, long construction
periods and maintenance, business management and costs required for the smooth
operation of the systems put into operation in vehicle technology and infrastruc-
ture construction (Coto-Solano, 2024).

Rail transportation has long been the most preferred transportation method
due to its advantages over other transportation methods. New applications for
resource efficiency, sustainability and system security have emerged with the de-
velopment of intensive transportation systems. As a result of these applications,
the efficiency of the rail transportation system has become one of the most effec-
tively discussed topics in the literature.

To evaluate the efficiency of rail transportation systems, it is necessary to first
evaluate the efficiency of infrastructure, superstructure, vehicles and businesses.
The traceability structure, which is one of the most important factors affecting
efficiency, reduces the downtime by keeping maximum vehicles in the business,
works with maximum occupancy and selects efficient maintenance techniques.

For all the reasons mentioned, efficient system management, effective use of
resources and passenger satisfaction, which are addressed with the economic, en-
vironmental and social aspects of rail transportation systems, help cities achieve
sustainable transportation goals (Ozarpa, Kinac1, & Avc, 2022).

2. SMART TRANSPORTATION SYSTEMS

Intelligent transportation system technologies enable the collection, storage,
processing and application of information in real time using advanced electronic,
information and communication technologies applied to roads, vehicles and sub-
systems. The developed systems provide safer transportation, more efficient ca-
pacity use, more mobility, more energy management and a more environmentally
friendly working environment.

Intelligent transportation systems, as in all systems, meet the expectation of
being cleaner, safer and more efficient in transportation systems. The interopera-
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bility structure of intelligent transportation systems allows them to find applica-
tion in all areas of land, air, sea and railway transportation and to be integrated
into all systems and subsystems used (Tektas & Tektas, 2022).

Intelligent transportation systems have various advantages. These can be
listed as; optimizing transportation times, reducing traffic accidents and related
loss of life and property, reducing environmental bans, enabling more efficient
travel with less energy in road transportation systems based on fossil fuel use,
providing road and route information, providing automatic and faster collection
of toll collection results, instant detection of traffic rule violations by vehicle us-
ers, ensuring that they are effectively informed about meteorological events that
may affect transportation, ensuring the effectiveness of emergency management
systems and applications, providing information and efficiency increase with ve-
hicle-to-vehicle communication, vehicle-to-infrastructure communication, vehi-
cle-to-driver communication systems, providing ease of transportation by analys-
ing big data collected from the environment and infrastructures, increasing elec-
tric and hybrid changes and facilitating the transition to smart energy systems
Greer Liz, Fraser Janet, Hicks Drennan, Mercer Mike, & Thompson Kathy
(2018).

3. SMART RAIL TRANSPORTATION SYSTEMS

With the development of digital technologies such as smart railways and trans-
portation systems, it is now possible to manage controllable vehicle and station
systems with both physical and virtual connections. Controlling these systems
from specific centres helps to protect these systems from problems such as fail-
ure, accident, data loss, time and income loss. It also provides experience to de-
velop new, more efficient designs and systems. While intra-city and inter-city
freight and passenger transportation is carried out by railway systems, numerous
system control centres serve as supervisors (Lopez-Aguilar, vd., 2022).

Intelligent rail transport systems have the potential to become a cornerstone
in cities of the future, enabling multimodal transport and empowering new service
models such as mobility as a service (Butler, Yigitcanlar, & Paz, 2021). Technol-
ogies such as ubiquitous computing, edge computing, artificial intelligence (Al),
and blockchain, as well as fast data networks on 4G and 5G, have yet to take the
potential of rail transport to the next level. To realize the full potential of context-
aware environments such as smart stations or smart wagons, progressive senso-
rization of railway stations, wagons, and rails will strengthen these systems. Us-
ing a large number and variety of digital devices, large amounts of heterogeneous
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data can be collected and analysed to obtain advanced information and provide
effective services in real time (Lopez-Aguilar et al., 2022).

The increase in digitalization, developments in smart transportation systems
and the integration of rail systems into these systems have enabled all kinds of
controllable systems to be controlled through virtual and physical connections.
While managing smart rail systems from control centres reduces possible acci-
dents, malfunctions, data losses and financial disruptions, it has facilitated the
development of more optimum and efficient designs and structures through the
experiences gained. Intra-city and inter-city freight and passenger transportation
is carried out by railway networks where various systems are controlled by con-
trol centres. In common applications, station control centre’s act as sub-control
centres of the primary control centre and manage vehicle and road systems (in-
cluding line safety systems, signalling and switching systems) along the line via
various communication infrastructures such as GPRS, fibre optic and LAN. In
applications, road systems and station control systems managed from the central
control centre vary depending on the status of the infrastructure and the scale of
the line (Hahn, Munir, & Behzadan, 2021; Kelarestaghi, Foruhandeh, Heaslip, &
Gerdes, 2021; Tektas & Tektas, 2019). The network architecture and substation
control centres connected to the main control centre are shown in Figure 1.
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Figure 1. Substation control centres and network architecture connected to
the main control centre (OZARPA, AVCI, & KINACI, 2021)

Station control systems provide comfort, control, vehicle navigation and se-
curity systems control in connection with the main control centre in developed
smart structures. Security, control and comfort systems in the station are lighting,
escalator, ventilation, camera, ticket control, elevator and security systems. Out-
side the station, security, vehicle movement, control and comfort systems and
switch, signal and road control systems are managed. The structures created have
station management systems that interface with the main control centre to manage
vehicle navigation, security, control and comfort systems. Lighting, stairs, venti-
lation, cameras, elevators, ticket control and security systems in the station are
managed. Vehicle movement, security, comfort and external control systems in
the station are managed together with switch, signal and road control systems.
(CODUR & TOPDAGI, 2018; Ulvi & Akdemir, 2019). Figure 2 shows the ar-
chitecture of the systems controlled at the station.
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Figure 2. Systems controlled at the station in smart rail system applications

Various comfort, navigation and control systems in rail cars can be managed
from central control and station control centres. These systems manage all pas-
senger operations and conduct basic navigation planning and movement proce-
dures by connecting with central control along the route. Figure 3 shows the sys-
tems that can be managed in the rail car.
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Figure 3. Systems that can be controlled in smart rail system vehicles
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4. RELATIONSHIP BETWEEN RAIL SYSTEMS AND EFFI-
CIENCY

Efficiency is defined as obtaining optimum benefit within a system and has an
important place today, especially in relation to energy use and environmental pol-
lution. The risks associated with the spread of technologies that increase energy
resources, urban density and pollution necessitate the design of efficient systems
and the increase in efficiency in existing systems. Examining the parameters that
increase efficiency in industrial systems reveals the importance of maintenance
practices, initial purchasing criteria, employment of qualified personnel, institu-
tional framework, public awareness, use of smart technologies, integration with
various systems, innovative orientation, central management, planning and en-
ergy technology. The efficiency of existing systems increases their longevity,
customer satisfaction, ease of participation, strategic planning possibilities and
reduces failure rates and operational expenses. (Gallego-Garcia, Gejo-Garcia, &
Garcia-Garcia, 2021). The smart applications to be used are important in terms
of the interaction and efficiency that smart railway system technologies bring.

4.1. Transport Efficiency in Rail Transportation Systems

Efficiency means obtaining maximum output using minimum resources. A
system is expected to provide maximum performance, sustainability, capacity
and revenue while minimizing costs, human resources, facilities, maintenance
and repairs (Kahya & Polat, 2007). Equation 1 shows the efficiency in a mathe-
matical way.

Output (1)

Efficiency = ——

When calculating efficiency in smart rail systems, Equation 2, which is de-
rived from the efficiency calculation in Equation 1, is used.

.. Transport Performed
E = 2
fflCleTle/ Standard Carrying Capacity ( )

Equation 2 expresses the volume of passenger and freight transport obtained
by considering the actual transport, maintenance, repair, failure, delay and inter-
ruptions used in the calculation of the efficiency of rail systems. The term stand-
ard transport capacity refers to the maximum passenger and freight volume that
a rail system can carry at full capacity within a certain time. In a study published
in the literature, the efficiency of the rail transport systems of 19 different coun-
tries that are members of the OECD (Organization for Economic Co-operation
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and Development) was examined using the amounts of "Passenger-Km" and
"Tonne-Km" carried. (Oum, Tae Hoon, & Chunyan Yu, 1994). The calculation
of "Passenger-Km" and "Load Tonne-Km" values for unit quantity is shown in
Equations 3 and 4. The calculations made in the equations are used to determine
the transportation quantities carried out in the efficiency calculation.

1 (passenger) x distance (1 km) = 1passenger — Km (3)
1 (tonne)load x distance (1 km) = 1load (tonne) —Km  (4)

During the evaluation of the factors affecting the efficiency of rail systems,
the ratio of the carrying capacity of the vehicles and infrastructure to the current
carrying value is taken into consideration. While making the carrying capacity
evaluations, the literature on efficiency, which addresses labour productivity
models and design applications, has been examined and the relevant data has been
developed for rail transportation systems. (Kahya & Polat, 2007). Efficiency
evaluation allows us to determine the amount of transportation that is realized
and not realized, unproductive times, effective transportation amount, standard
efficiency, transportation effectiveness and process efficiency. The calculations
of the efficiency components are shown in Figure 4. The component calculations
are shared in Equation 5-17.

Standard Carrying Capacity (LR)

F 3
h 4

Unrealized Carriage

e Realized Transport (LR') = (LO) —

= Fffective Transit Time (LE) =————————pd= | ost Time (LM) =¥

Standard Effective Hici
| Efficiency
¢ Transport (LS) —— T

Figure 4. Efficiency components of carrying capacity (OZARPA et al.,

e LIriproductive Transport Time (LU) - g

2022)
LR, =Lg— Lo (5)
Lg = LR, — Ly (6)
Ly = LRI —Lg (7)
LU == LO + LM (8)
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In the above equations, Q is the total amount of transportation performed in a
given time for a specified transport system (the total amount of transport real-
ized), Ly the total amount of transport that the existing transport system must
perform per unit time (the typical transport capacity used to generate the output
Q), Ly, the amount of mandatory and unpredictable transport (due to mandatory
loss times such as maintenance, replenishment, absence of passengers or freight),
Lg', the amount of transport realized within the total capacity,Lg refers to the
effective transportation quantities, L, the loss times during transportation such
as road condition and waiting times, L;; the inefficient times and L¢ the standard
effective transport amount. The overall and specific efficiency of the system can
be calculated using the carrying capacity and the amount of transport performed.
Equations 9-17 will be used to calculate the ratio of the overall system's overall
output carrying capacity.

Tr = T x E,, x le™ x [e® (9)

Q/Lg = Q/Ls x Ls/Lg x Lg/Lg' x Lg'/Lg (10)
Tr = Q/Lg (11)
7s = Q/Ls (12)
E, = Lg/Lg (13)
le®W = Lg/Lg' (14)
le® = Lp' /Ly (15)
TR = Q/Lsx Ls/Lg = Q/Lg (16)
1e® =1eM x1e® =L /Lp" x Lg'/Lg = Lg/Lg (17)

In equations; Ty the efficiency of the whole process (the ratio of the actual
amount of transportation to the carrying capacity), ts the standard efficiency (the
ratio of the amount of transportation performed to the effective transportation),
E,, the transportation efficiency (the contribution of the structure to the effi-
ciency), le( the ratio of the effective transportation amount to the amount of
transportation performed, le(® the ratio of the actual transportation amount to the
standard carrying capacity, tz'’ the process efficiency (the ratio of the standard
efficiency to the transportation efficiency), le(®) the effective transportation time
to the standard carrying capacity It shows the rate.

Equation 5-17 was used to calculate the efficiency components (Kahya & Po-
lat, 2007). As a result of the theoretical calculations, calculations of all efficiency
components of rail transportation systems can be made.
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5. CONCLUSION

In this study, smart railway applications used to increase efficiency in rail
transportation systems are discussed and equations used to calculate efficiency
are evaluated. Today, transportation has become more critical with the increasing
population. Like other types of transportation, railway transportation has also in-
creased because it is the most economical and efficient solution. Therefore, in-
creasing transportation to existing facilities appears as the most economical solu-
tion. Transportation efficiency can be increased with smart solutions in rail trans-
portation systems. With the development of digital technologies such as smart
transportation systems and railways, it has now become possible to manage con-
trollable station and vehicle systems with virtual and physical connections. Con-
trolling these systems from special centre’s protects against problems such as
failures, accidents, data loss, time and income loss. Thus, efficiency increases and
train and freight carrying capacities that can be used with the existing infrastruc-
ture can be developed. In addition, more reliable transportation can be provided
with instant controls. For this reason, more studies should be conducted in this
area and different methods and applications should be developed to increase ef-
ficiency. In addition, equations can be considered more comprehensively in fu-
ture studies and more precise calculations can be made.
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1. MANAGEMENT SYSTEMS

With the development of rail system technology, efficient use of line capaci-
ties, sharing of the same line by different types of transport (freight, passenger)
and the need for mutual operability have made much more efficient systems nec-
essary. Different management systems can be encountered in all areas where they
are needed. These systems required by rail system technology aim to eliminate
accident risks, allocate lower costs, maximum efficiency and maximum transport
capacity. The most important management system used in rail system technology,
which enables centralized tracking and control of vehicles, provision of line tran-
sition information with signal lights, and direction determination with control of
switches, is signalling systems. (Yan, Gao, Tang, & Zhou, 2017). In addition to
signalling systems, RAMS application and Safety Management systems also ap-
pear as important topics.

2. SIGNAL SYSTEMS

The light notification systems manufactured in different types, which all ve-
hicles travelling on the rail system must comply with, located on the right of the
lines according to the direction of progress, are called signals. The progress of
trains on the railway is done by the guidance of the engineers with these signals.
The progress conditions of the train until the next signal are determined by this
signal. Transitions between two signals are provided under the conditions deter-
mined by the traffic regulations.

Signals are divided into two in terms of appearance: dwarf signal and high
signal. High signals; can have 2,3,4 signals. Their height is between 3.8 - 4.2
meters. They are signals located on the main road. Dwarf signals; are signals at-
tached to steel pipes between 0.8 - 0.1 meters. They are placed at the exits of
stations and shelter roads. An example of a high triple signal is shared in Fig 1.

Figure 1: HighTipI ignal
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In terms of their usage, signals are divided into two groups: automatic and con-
trolled signals. These are signals that can be controlled separately by traffic con-
trollers and station control desks. Controlled signals are those used as station
entrances and exits and as protection signals. Automatic signals are signals that
change automatically according to the notification status of the next signal ac-
cording to the traffic conditions. Block signals are in this group and are de-
signed to ensure the continuity of train traffic.

Signals in terms of their functions:

Input Signals: These are the signals that control the entrances to the sta-
tions. They are high, 4-lamp, controlled signals.

Output Signals: These are high or dwarf-controlled signals placed at the
exits of the stations.

Protection Signals: These are the controlled high signals before the input
signal of the terminal stations. The 0.5 meter part of the signal pole after
the 2 meters from the ground is painted white.

Approach Signals: These are automatic block signals before entry at sta-
tions other than terminal stations. As with protection signals, whitewash-
ing is also done at approach signals.

Automatic Block Signals: These are the signals placed at the entrances
of the blocks between stations. It is controlled with high and three lamps.
Repeat Signals: It is the type of signal used by the driver on inclined roads
where there is no line of sight. It is used to indicate the colour of the
signal after it. They are high signals in green and daylight colours with
the coloured letter T on them.

2.1. Direct Control Systems

These are systems where systems are directly controlled via a control console
or panel. Return data defined as indication is collected by feeding from a different
line. It is suitable for use in central lines where local terminal stations are located.
It is not preferred for use along the line and is preferred in central stations for fast
communication, ease of solution and to save time. Direct control systems are
given in Figure 2.
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Figure 2: Direct Control Systems

2.1.1. Centrally Controlled Systems

Central control systems are systems that can be accessed along the line
through a control centre and manage systematic processes. All kinds of signal-
ling information and line-length data can be monitored from a central panel or
monitor. Professional equipment is used to ensure information flow in this sys-
tem. The train control mechanism is shared in Figure 3.
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Figure 3: Train Control Mechanism (‘ERTMS’, 2010)

There are traffic controllers called dispatchers who continue the operations
performed on the control panel. These controllers manage the continuous naviga-
tion status by routing with the engineer. They create safe areas by ensuring that
trains on certain lines are locked with switches and signals. There is a simulation
of the entire controlled line in the control centre. Although the great crossings in
the areas where trains will pass are opened and closed automatically, they must
be constantly monitored by these personnel. The trains that must wait inside the
stations are controlled by automatic switch motors by dispatchers without being
included in the system to stay in the safe area and their movement requests. Sta-
tionary systems are also constantly monitored in central stations. Although the
station maneuvering operations are performed by the station personnel, they are
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always under the control of the control centre. In case of a notification on the
road, the first observation is made by the control centre and the notification is
transmitted to the relevant personnel. The traffic control panel is shared in Fig 4.

Figure 4: Traffic Control Panel

2.1.2. Direct Control Systems

To ensure the safe dispatch and management of train traffic in rail systems,
the exact location of the trains must be determined. Rail circuits use rails as a
conductive circuit complement and provide control over whether there is a busy-
ness in that area according to the completion of the circuit. The railway is used
like a simple electrical circuit, acting as a switch in the trains that enter the circuit,
giving a busyness on the line and ensuring that traffic is monitored from the con-
trol screens. Rails serve as iron bars that enable the transmission of electric cur-
rent. They have a high current carrying capacity. Breakers are also located on the
line against overloading situations. When there is another element on the line that
complements the circuit, not only connected to the trains, but it is also understood
that there is a problem as a busyness situation. Circuit completion systems con-
tinue their existence in signalling systems as a security mechanism. The signal-
ling system rail circuit is shared in Figure 5.
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2.1.3. Train Protection System

In systems where trains are managed by signalling, a control mechanism has
been developed that eliminates human elements in case of unauthorized and un-
controlled entries. It is a protection system that automatically stops the train in
cases where the engineer makes a mistake and continues to move at a red light.
In some systems, there are systems that warn the engineer when the permitted
speeds are exceeded and then automatically break the train. The first and most
common application name of these systems is briefly ATS (Automatic Train
Stopping), that is, automatic train stopping system.
Continuity is provided by a system in which the track coil placed inside the rail
or on the side of the road next to the signals along the line and the ATS cabin
devices placed on the locomotives work together. Automatic braking is per-
formed at safe distances with magnets placed under the locomotives. ATS ground
magnets warn the train to stop or slow down according to the colour of the signal
by means of vehicle magnets. In the event of a red signal being passed, when the
ground magnets warn the coils on the locomotive, the air in the vehicle installa-
tion is discharged to the atmosphere, and air is sent from the auxiliary air tanks
to the brake cylinders, aiming to stop the train as soon as possible. ATS magnets
on the track are shared in Figure 6.
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Figure 6: On-Road ATS Magnets

2.1.4. European Train Control Systems

Different signalling systems used in European countries have made it difficult
to control the track and on-board equipment. With these difficulties, the develop-
ment of a central management and control mechanism has become a necessity.
Separate on-board equipment for each signalling system has created separate
transition difficulties for each locomotive (Bernal, Spiryagin, & Cole, 2019). To
solve these problems, with the encouragement of the European Railway Commu-
nity (CER), a monopoly mechanism that can be formed within the continent in
rail system technology has been created by coming together with a uniform sys-
tem. In this way, train dispatch and management has been taken under control in
a wide area and a safer transportation has been provided.

The European Railway Traffic Management System (ERTMS) is a union es-
tablished to create and spread a standard throughout Europe. These standards are
implemented in our country as well as in European countries. Our newly con-
structed lines and especially our high-speed train lines are manufactured in ac-
cordance with European standards. ETCS system components are shared in Fig-
ure 7.

174



Variable Baliz ‘
= ’6

Signal

Junction Box

Euroloop Fixed Baliz

LEL

Supply Source

Figure 7: ETCS System Components

ETCS systems consist of road and vehicle interactions, as in automatic train
stopping systems. The system consists of signal circuits, line-length electronic
unit, rail circuit and radio block system, signal receiver and on-board equipment.
The system in the vehicles consists of a receiver and transmitter radar system that
monitors the driver's road and speed information, and a panel consisting of sound
and/or image recording mechanisms (Yin et al., 2017).

2.2. Safety Management Systems

In recent years, due to the significant increase in railway speeds and traffic
density on railway lines, the safe time intervals between train journeys have de-
creased significantly, creating new and greater risks.

These risks are becoming more apparent, especially in high-speed railway
transport. The purpose of establishing a safety management system is to meet the
conditions required for safe transport on railways. In railways, which stand out
with their travel safety, safety management systems need to be developed to pro-
tect and improve this understanding. The general structure of the system and basic
safety processes and techniques are determined by the European Commission Di-
rective 2004/49/EC (Sitarz & Chruzik, 2019). This directive was subsequently
updated by Directive 2016/798 of the European Parliament and of the Council
(EC, 2016). According to the Railway Safety Directive, all railway operators and
infrastructure managers must use a safety management system correctly. This is
crucial for the success of the regulatory safety framework as a whole (Wu, Ge, &
Luo, 2020).

The safety management system is basically created in three stages. The first
two stages include hazard analysis and threat assessment. After these two stages,
also called risk management, the third is the reduction of risks (Edkins & Pollock,
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1996). There should be various elements in the developed safety management
systems. First, the basic goals of the system should be well determined and the
parameters appropriate to the desired safety level should be determined. To con-
duct risk assessment, inspection methods should be explained correctly. Person-
nel training plans should be made regarding hazardous material transportation,
railway traffic and maintenance and repair of vehicles. The incidents and acci-
dents that occur should be documented correctly. In addition, the implemented
safety management systems should be periodically inspected (Li & Guldenmund,
2018).

2.3.RAMS

RAMS consists of reliability, availability, maintenance and safety compo-
nents. As railway usage increases, accidents increase, which can cause various
problems and interruptions in railway traffic.

RAMS analysis of railway networks helps managers to find key components
such as sections and stations that are important for safety and examines how a
section or station failure affects the safety of the network. Therefore, RAMS man-
agement is an important decision maker in today's global and local railway oper-
ations (Zhang, Jia, & Qin, 2021). RAMS management of the railway sector in
Turkey is defined by the TS EN 50126-2 standard. This standard describes the
necessary RAMS parameters throughout the life cycle of a product or system
(Kadioglu & Toprak, 2020).

3. CONCLUSION

The significant increase in the speed of railway vehicles and the traffic density
on railway lines in recent years requires the correct planning and management of
safe time intervals between train trips. This has made signalling and safety sys-
tems more important and critical. In this study, signalling systems, which have
an important place in railways, are discussed. The importance and use of railway
transportation, which is the most efficient transportation method among transpor-
tation systems, is increasing day by day. For this reason, signalling systems need
to be planned more accurately to achieve more efficient, faster and safer trans-
portation. For this reason, more studies should be conducted in the future on the
design and analysis of faster and more reliable signalling and safety systems.
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