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Preface
In today's world, where the boundaries of science and technology are constantly
expanding, materials science stands out as a field at the heart of this progress and forms

the basis for all other disciplines.

This book aims to present the latest and most innovative approaches in materials science,
combining them with their transformative applications in various engineering and

scientific fields.

In addition to traditional material design approaches, it addresses pioneering topics such
as nanotechnology applications, smart and adaptive materials, sustainable and recyclable
materials, composite materials, advanced manufacturing techniques, and computational

materials science.

Each chapter examines both fundamental scientific principles and industrial-scale
applications from an integrated perspective, offering the reader both theoretical depth

and practical insight.

The authors of this book are researchers known for their expertise and innovative work in
their fields. They present current developments in their areas of specialization, examples

from both around the world and in our country, and future perspectives in a candid style.

Without their valuable contributions and hard work, this work would not have been

possible.

We offer them our deepest gratitude.

December, 2025

Prof. Dr. Hakan GOKMESE
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E-mail: hakan1440@gmail.com, ORCID: 0000-0003-0053-8444

Assoc. Prof. Dr. Saban BULBUL

Necmettin Erbakan University
Seydisehir Ahmet Cengiz Faculty of Engineering
E-mail: sabanbulbul@erbakan.edu.tr, ORCID: 0000-0002-9268-1469
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In This Books

In Chapter 1,

In this chapter, samples taken from the wastewater treatment plant inlet were mixed
with 5 different activated carbons produced by chemical activation for 2 minutes at 150
rpm and 20 minutes at 40 rpm, and then left to stand for 60 minutes. Experiments were
conducted on these prepared samples to determine Chemical Oxygen Demand (COD),
pH, electrical conductivity, turbidity, and color values. Additionally, Surface Analysis
and Porosity (BET), density, Fourier Transform Infrared Spectroscopy (FT-IR) analysis,
and Field Emission Scanning Electron Microscopy (FE-SEM) images were interpreted.
The results of this study also revealed that activation with zinc chloride is a more effective
method than phosphoric acid in improving micro- and mesopore structure. These
findings once again demonstrate the critical impact of activation agents and process
parameters used in activated carbon production on material properties. Furthermore, this
study resulted in the conversion of waste products into more economical products, and
showed that the produced activated carbons are more usable compared to commercial

activated carbons.

In Chapter 2,

In this chapter, it was aimed to comprehensively examine 3D printing technology,
to present its basic components in detail, and to define and analyze the effects of the
materials and methods used in 3D printing technologies on design in furniture and interior
design through examples. The descriptive method was used in the methodology of the
study. Within the scope of the study, the materials used in 3D printing technologies, their
technical and physical properties, areas of use, innovative production techniques, and the
resulting final product design models are systematically addressed and evaluated through
examples. In the conclusion section of the study, in line with the findings obtained, it has
been concluded that the materials and methods used in 3D printing technologies provide
significant advantages such as offering design freedom, supporting digital production
processes, enabling low-cost production, making new material combinations possible,
reducing waste, promoting a sustainable and environmentally friendly production

approach, and enabling easy and rapid prototyping.

In Chapter 3,

This section examines the microstructure and mechanical properties obtained from
the joining of S355JR and S700MC structural steels, widely used in industry, by the
GMAW method. While the effects of different shielding gases were not clearly observed
in microstructure examinations performed with an optical microscope, differences were
detected in the weld metal and heat-affected zones (HAZ) according to the properties
of the base metal. In general, grain growth in the HAZ and weld metal, as well as a

dendritic structure in the weld metal, were observed in all sample steels. In addition to the
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differences in metal structures, the shielding gas was one of the determining parameters
in the hardness values of the materials. The fracture surfaces formed as a result of tensile
tests were examined depending on the grain growth, hardness values, and mechanical

properties of the base metals.

In Chapter 4,

With the widespread use of composite materials, composite materials have started to
be used in the production of pressure vessels. Composite materials are preferred for
pressure vessels to be both light and durable. Lightness and durability are very important
in pressure vessels used especially in the space and aviation industry and in areas such
as diver boats. In applications, different productions are made with various additives
in order to produce pressure vessels that are lighter and more durable. The aim of this
thesis; The aim of this study is to investigate the surface deformation behavior of carbon
composite tubes with different carbon nanotube additive ratios produced by filament
winding technique and to investigate the effects of carbon nanotube additive ratios on
axial, circumferential and shear stresses. Within the scope of this thesis, three samples
with different carbon nanotube additive ratios were produced and these samples were
tested under internal pressure and their surface shape changing behavior was investigated.
In order to investigate the effect of carbon nanotube ratio on the surface shape change,
these ratios were applied as 0%, 1% and 3%. All samples were produced with filament
winding technique with a winding angle of +55°. In the study, the effect of carbon
nanotube additive on the axial, circumferential and shear stresses on the surface will be
compared. In experimental studies, changes in shape were observed and recorded. As
a result of the study, it was determined that the carbon nanotube additive increased the

strength.

In Chapter 5,

This chapter provides a detailed overview of Advanced Exergy Analysis (AEA),
a method developed to overcome the limitations of conventional exergy analysis.
While conventional exergy analysis reports only the total exergy destruction in system
components, AEA separates these losses into avoidable/unavoidable and endogenous/
exogenous parts, allowing a clearer understanding of where real improvement potential
lies. The chapter explains the theoretical background of AEA and presents the main
methodological approaches used in practice, including the engineering, thermodynamic,
and hybrid-cycle approaches. Applications of AEA across a wide range of systems are
also discussed. In addition, the integration of economic and environmental aspects
through advanced exergoeconomic and exergoenvironmental analyses is described.
Overall, the chapter highlights AEA as a valuable tool for the design, optimization, and

sustainability assessment of modern energy systems.
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In Chapter 6,

This study investigates the microstructural, mechanical, tribological, and corrosion
behaviors of A15754 matrix composites reinforced with graphene nanoplatelets (GNP),
boron carbide (B4C), and their hybrid combinations. Composites containing 0.5-1
wt.% GNP and 15 wt.% B4C were fabricated via stir casting, followed by 30% cold
rolling and recrystallization heat treatment. Characterization was performed using
optical microscopy, SEM-EDAX, XRD, hardness testing, reciprocating wear tests,
and immersion-based corrosion analysis. XRD confirmed the presence of Al-rich
intermetallics (AlMn, AlFe) and B4C phases. Uniform B.C distribution enhanced
hardness, while GNP improved interface bonding. The highest hardness (=<86-91 HB)
was achieved in the 1% GNP + 15% B4C composite, nearly doubling that of unreinforced
Al5754. Tribological tests revealed significant wear resistance improvement with hybrid
reinforcement, attributed to graphene layers reducing friction and stabilizing surfaces.
Corrosion behavior varied with reinforcement type; GNP alone increased susceptibility,
whereas hybrid reinforcement mitigated this effect. After rolling and recrystallization,
the hybrid composite exhibited the lowest corrosion rate, indicating that appropriate
thermomechanical processing enhances corrosion resistance despite rolling-induced
defects.

In Chapter 7,

This chapter explains the effect of the gas nitration process on the wear behaviour of the
crankshaft. For this purpose, 15 hours of gas nitration was applied to the crankshaft at a
temperature of 5200C. As a result of the gas nitration, the hardness and microstructure
images were taken separately from the nitrided and non-nitrided samples. In order to
compare the abrasion behavior of nitrided and non-nitrided samples, a back and forth
abrasion test was applied. 20N, 40N and 60N were determined as the load and subjected
to an abrasive wear test. Test results vary depending on distance traveled and load applied.
100Cr6 balls are used as abrasive and nitrided and non-nitrided crankshaft is used as
counter material. Compared to the wear resistance of nitrided crankshaft samples, an

increase in wear resistance of about 20% was observed in non-nitrided samples.

In Chapter 8,

The purpose of this research is to compute the power distribution of contemporary Russian
PWR designs (VVER), as well as to evaluate alternative fuel material compositions
based on heat conductivity and power distributions. In the work, a review of currently
relevant materials for emergency-resistant fuel systems was carried out, emergency-
resistant materials for the VBER-300 project were selected. A thermal calculation was
performed, the main geometric parameters of the core were determined, the coolant
velocity was determined, and the temperature distribution over the cross-section of the

fuel element for different types of fuel systems was obtained by ANSYS. The results
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of the temperature distribution and the working conditions of UO2 and UO2+5%Cr
(CERMET) fuels and whether they can operate safely or not have been obtained.

In Chapter 9,

Composite solid rocket propellants (CSRPs) are essential for contemporary propulsion
systems, employed across military and civilian sectors due to their high energy output
and reliability. Their heterogeneous nature facilitates the combination of various
materials such as solid oxidizers and metallic fuels within a polymer matrix resulting
in tailored performance characteristics important for specific mission profiles. Recent
developments highlight the significance of adjusting formulations, including the use of
alternative oxidizers like ammonium dinitramide (ADN), which offer environmental
benefits due to the absence of toxic combustion products associated with traditional
propellants. Ongoing research into CSRPs underscores advancements in enhancing burn
rate, thrust, and overall stability. For instance, the optimization of ammonium perchlorate's
particle size distribution plays a critical role in improving combustion rates and stability.
Furthermore, the integration of energetic binders such as glycidyl azide polymer (GAP)
marks a significant trend toward maximizing propellant energy density, allowing for
higher performance compared to traditional hydroxy-terminated polybutadiene (HTPB).
As the aerospace industry continues to prioritize environmentally responsible propulsion
strategies, CSRPs remain foundational to meeting evolving demands in propulsion

technology.

In summary, CSRPs embody an evolving technology that balances the needs for
performance, safety, and environmental responsibility. Their continuous development is

crucial for advancing both military and civilian aerospace applications.

In Chapter 10,

Energetic materials (EMs) are essential components in military and civilian applications,
including munitions, explosives, propellants, and pyrotechnics. The ongoing demand
for improved performance, safety, and stability has driven advancements, classifying
EMs primarily into low and high explosives based on their chemical composition and
behavior upon ignition. Recent research places emphasis on high-nitrogen and ionic
liquid compounds, which offer high energy outputs with favorable environmental profiles.
Additionally, innovations in synthetic methodologies and metal-organic frameworks

(MOFs) have enhanced stability and reduced the sensitivity of EMs to external stimuli.

Characterization techniques such as X-ray crystallography and nuclear magnetic
resonance provide insights into the structures and properties crucial to the performance
of EMs, while dynamic mechanical analysis and thermal evaluations ensure reliability

under diverse conditions. Cocrystallization emerges as a promising method for tuning
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properties without requiring entirely new syntheses, enhancing both safety and

performance.

Future EM research is expected to leverage computational modeling and machine
learning to predict properties and accelerate material development while addressing
safety challenges. The push for sustainable practices will also continue to shape EM
advancements, ensuring improved functionality and compliance with environmental

standards.

In conclusion, the field of energetic materials is evolving rapidly, characterized by
significant chemical innovations and a focus on safety and environmental sustainability,

which will define its future applications across various sectors.
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Chapter 1

A Review of Activated Carbon Production and Its Characterization in
the Contect of Irrigation Field Applications

Uzeyir YALMAN

Necmettin Erbakan University

Saban BULBUL

Necmettin Erbakan University

Hakan GOKMESE

Necmettin Erbakan University

To Cite This Chapter:
Yalman, U., Bulbul, S., & Gokmese, H. (2025). A review of activated carbon production and its
characterization in the context of irrigation field applications. In H. Gokmese, S. Bulbul, & Y.

Uzun (Eds.), Innovative approaches in materials science and applications (pp. 1-17). ISRES
Book Series. ISRES Publishing.

Introduction
Activated carbon is a material used in adsorption studies in many parts of the world. Its ease
of obtaining and affordability make it advantageous. It is possible to commercial activated
carbon from any product rich in carbon elements. Activated carbon can be produced
from many different materials with a high carbon content. Generally, various organic and
inorganic wastes such as coal, bone, hazelnut and olive pits, palm and chestnut shells,
petroleum derivatives, coconut shells, wood residues, apricot pits, cellulosic materials,
almond and orange peels are used as raw materials in activated carbon production and
commercial production is carried out for this purpose (Adinata et al., 2007; Gomez-
Serrano et al., 2005; Guritno et al., 2016; Hashemian et al., 2014; Hayashi et al., 2002;
Kirubakaran et al.,1991; Kiiglikgiil, 2004; Mozammel et al., 2002; Yavuz et al., 2010).
Various researches carried out in recent years in the food industry have revealed that
some waste materials can be evaluated in activated carbon production and these obtained
activated carbons can be used for different purposes (Mohd Radhuwan et al., 2024). In
addition, studies carried out in fields such as nanoscience and electrochemistry have
shown that activated carbons with electrochemical properties and electromagnetic
properties can be produced (Balgik et al., 2020). Activated carbon, produced from orange
peels activated with phosphoric acid, was used to reduce volatile compounds such as
formaldehyde produced during particleboard production. Experimental data showed that
adding activated carbon to particleboards improved mechanical and physical properties
and reduced formaldehyde emissions by 28.92% in the first month and 45.25% in the
third month (Ergiin et al., 2025). Activated carbons were produced by activating Scots

pine wood waste with zinc chloride. These products aimed to reduce formaldehyde
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emissions from particleboard production and to improve the physical and mechanical
properties of the panels. Experiments were conducted by adding the produced activated
carbons to particleboard production at 0.5%, 1%, and 1.5%. The results of the tests
indicated that the particleboards’ mechanical and physical properties improved, and
formaldehyde emissions decreased by 24.6% in the first month and 27% in the sixth
month, respectively(Ergiin et al., 2024). Activated carbons produced from cellulose by
activating them separately with ZnCL, and H,PO, were applied to nitrile butadiene and
natural rubber as fillers at 0%, 5%, 10%, 15% and 20%. According to the results obtained,
the mechanical properties of rubber compounds were significantly improved after the
addition of activated carbon (Biilbiil and Ergiin, 2024). In order to investigate the recycling
and usability of waste paper, which is economically meaningless, the properties of the
produced activated carbons were examined and compared with commercial activated
carbons. Experimental results revealed that activated carbons derived from waste paper
offer higher pore structure and surface area than commercial products (Ozdemir et al.,
2023) . Within the scope of the study, activated carbon production was successfully
carried out from poplar tree waste treated with ZnCL, and H,PO, and the results were
examined. Density measurements and FE-SEM analyses revealed an activated carbon
with lower density and a distinct porous structure. When the EDS results were examined,
it was shown that the produced activated carbon had higher purity than the commercial
product(Ergiin and Biilbiil, 2022). Activated carbons produced from waste paper using
zinc chloride and phosphoric acid were mixed with a rubber matrix mixture. Experimental
data showed that density decreased, hardness increased, and tensile strength decreased

as the filler material was increased (Ozdemir, 2023)

Its area of use is quite wide. In the food and beverage industry, activated carbons stand
out as an effective treatment material in the removal of heavy metals, compounds that
cause bad odor and color, amino acids and toxic substances (Roy, 2023). The need for
more activated carbon is increasing due to the strict rules and regulations in the treatment
of industrial wastewater. (Gonzalez-Garcia, 2018). The consumption of activated carbon
is increasing as a result of food consumers’ sensitivity to safety and quality. (Amine
et al., 2006). Activated carbon production in Turkey has increased recently. Although
this increase has been made, the remaining parts are filled by imports. In 2019, Turkey
ranked 22nd in global activated carbon exports with a share of 0.4%. Experts predict that
Turkey’s activated carbon exports will increase by approximately 60% in the coming
years (Orta Anadolu Kalkinma Ajansi, 2021). The global activated carbon market
exceeded US$ 5 billion by 2023 (Helvaci and Korkmaz, 2024). The activated carbon
market in Turkey was approximately US$ 38 million, resulting in a foreign trade deficit
of USS$ 35 million (Trade Map n.d.). The market is expected to reach US$ 4.58 billion
in 2025 and US$ 6.11 billion in 2026. At the same time, it is predicted that the Asia-
Pacific region will hold the largest market share by 2025 (mordorintelligence n.d.).
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When evaluated according to usage areas, it is estimated that the water treatment sector

will hold the largest market share in 2031 (Kingsresearch n.d.).

The objectives of this study are to transform low-economic waste products, such as waste
paper and poplar sawdust, into high-value products. Another objective of the study is to
compare the effects of zinc chloride and phosphoric acid activation agents on activated
carbon properties and to determine which activation agent is most effective. Another
important objective of the study is to compare the performance of laboratory-produced
activated carbons with commercially available activated carbons and to determine which

sample offers the most advantageous adsorption properties.

Materials and Methods
Activated carbon production consists of several processes. Production is achieved through
physical and chemical activation. Both production methods have their advantages and
disadvantages. If we want higher surface area, porosity, and lower temperatures for the
reaction, we use chemical activation. There are multiple chemicals used as activating
agents in the production of activated carbon through chemical activation. It is seen in
the literature that different activation agents are used in this process. Table 1 shows the

different activation agents used in the chemical activation process.

Table 1
Commonly encountered activation agents. (Giindogdu, 2010; Wigmans, 1989).
Boric Acid Iég?o(rligg S;:jg:: Sulfuric Acid
Calcium Hydroxide Eztr?)sosrill;z I\Xtcrllée Zinc Chloride
Calcium Chloride fiydrowide | Chloride | (1) Chiorde

Chemical compounds such as ZnCl., KOH, HsPO., NaOH and K>COs, which generally
facilitate the formation of activated carbon by dehydrating the raw material, are among
the most frequently used substances in the chemical activation process (Ahmedpour
and Do, 1996; Gurten et al., 2012; Kopac and Erdogan, 2009; Kopac and Kirca, 2020;
Rouquerol J. and Sing K., 1999; Ruofei et al., 2017; Xia et al., 2016). Potassium-
based salts are preferred because they are environmentally friendly and offer a cleaner

production process compared to compounds such as ZnCl. and HsPOa4(Tsai et al., 2001).

Physical activation, one of the methods used in activated carbon production, consists of
two main stages: the degradation of the organic structure and the activation of the carbon

structure. In the first stage, the carbon skeleton is formed by removing the hydrogen
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and oxygen elements in the raw material. Activation is then carried out using water
vapor, carbon dioxide (COz), or a combination of both gases at a temperature between
approximately 800-1000°C, and production is completed (Yunus et al., 2022). The
chemical activation method is more widely preferred compared to the physical method
because it can be applied at lower temperatures and provides higher efficiency (Giines,
2016; il¢i, 2017). ]. Activated carbon production by chemical activation is a field of study
that many researchers worldwide have focused on (Ozdemir et al., 2023). Activated
carbons obtained by this method have larger surface areas and more developed pore
structures. Differences in the physical and chemical properties of the product may occur
depending on the chemical activation agent used (Heidarinejad et al., 2020). In practice,
activated carbon production is generally carried out by reacting the raw material brought
to appropriate sizes either directly with the chemical agent at a temperature of 400-1000

°C or by performing the same process on a pre-carbonized structure (Biilbiil, 2021).

Activated Carbon Production with Phosphoric Acid

Waste paper and black poplar sawdust were divided into 3-kilogram pieces according
to different processes. 1.5 liters of 50% phosphoric acid solution and 3 liters of distilled
water were added to each raw material and mixed until a homogeneous state was achieved.
These prepared mixtures were treated at 110°C for 2 hours. Following this process, they
were kept in an 80°C oven for 24 hours and dried. These dried samples were carbonized
in a 600°C annealing oven under argon gas (50 ml/min) for 1.5 hours. After this process,
they were allowed to cool. The obtained products were pre-washed with 0.5 ml of KOH
and then rinsed with hot deionized water to adjust the pH value between 6-6.5. Finally,

they were dried in a 100°C oven for 6 hours and then ground.

Activated Carbon Production with Zinc Chloride

Waste paper and black poplar sawdust were divided into 3-kilogram pieces according to
different processes. 1.5 liters of 50% zinc chloride solution and 3 liters of distilled water
were added to each raw material and mixed until a homogeneous state was achieved.
These prepared mixtures were treated at 110°C for 2 hours. Following this process, they
were kept in an 80°C oven for 24 hours and dried. These dried samples were carbonized
in a 600°C annealing oven under argon gas (50 ml/min) for 1.5 hours. After this process,
they were allowed to cool. The obtained products were pre-washed with 0.5 ml of KOH
and then rinsed with hot deionized water to adjust the pH value between 6-6.5. Finally,

they were dried in a 100°C oven for 6 hours and then ground.

Experimental Results
Activated carbons produced using different production methods were first subjected to
BET surface analyses, FE-SEM images, and density analyses. Following these studies,

adsorption experiments were conducted and the results were evaluated.
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Imaging With Field Scanning Electron Microscopy ( FE-SEM )
FE-SEM images of the activated carbons were obtained and examined. FE-SEM images

of the prepared samples are shown in Figure 1.

Figure 1
FE-SEM images of a) commercial activated carbon sample b) AKA sample c) AKT
sample d) OA sample e) OT sample

EHT = 200 k¥ Signal A = SEZ
WO = 46 mm Mag = 20,00 K X

EHT = 200k Signal A = SEZ [} |
WD= 47 mm Mag = 20.00 K X ==

When FE-SEM images were examined, it was observed that the surface morphology of
the activated carbon samples varied. While the porous structure was clearly visible in
some samples, macropores were not evident in others. The images showed that the sample
shapes were mostly elliptical, while some samples did not exhibit a specific geometric
shape. FE-SEM analyses of the commercial activated carbon, AKT, and AKA samples
revealed that their surfaces were generally rough, containing distinct indentations and
protrusions; however, the amount of pores within these structures was observed to be
limited. In the commercial activated carbon sample, in particular, the pores were both
few in number and small in diameter, a finding confirmed by BET surface area and

density analyses. The AKA sample exhibited a heterogeneous surface area, while the
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AKT sample exhibited irregular voids and variously sized and irregularly shaped pores.
According to BET analysis, the AKT sample had a high number of micropores, indicating
a high surface area. These findings indicate that the porous structure was largely formed
in the interior of the sample. In OA and OT samples, it was observed that pores were
formed more clearly and distinctly and showed a more homogeneous distribution. It is
thought that an increase in the number of pores occurred in carbon samples activated
with zinc chloride due to the evaporation of this substance during activation (Yagmuret
al., 2008). The high BET surface area and dense micropore content of these samples
support the development of the porous structure in the inner regions (Jiang et al., 2021;
Kiiciikgiil, 2004). In conclusion, it can be said that zinc chloride is a more effective
activation agent than phosphoric acid in the formation of micro- and mesopores (Ergiin
and Biilbiil, 2022; Liou, 2010).

Density Analyses
Density analyses of a total of five different activated carbons were performed and

interpreted. The density analyses are shown in Figure 2.

Figure 2

Density analysis results.
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Density analyses conducted in our study showed that density decreases as porosity
increases in activated carbon samples. The OT sample, in particular, provides a clear
example of this inverse relationship, having the lowest density (0.24 g/cm®) and the
highest total pore volume. This finding is consistent with literature examining the
relationships between the physical and structural characteristics of activated carbons
(Jiang et al., 2021)

The findings from these studies explain the performance of the OT sample with its low
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density and high pore volume. Increasing pore volume not only increases the surface
area but also improves the carbon’s mass-to-area ratio, offering significant advantages in

terms of cost, efficiency, and productivity in various engineering applications.

Surface Analysis And Porosity (BET) Analysis
Experiments were conducted and investigated for BET surface areas and porosities of

activated carbons. Table 1 shows the results of the BET surface analysis.

Table 2
BET analysis experimental results.
Surface micro Vmeso Vtotal
Area m?/g (cm?/g) (cm?/g) (cm?/g) D, (nm)
Commercial
Ativated Carbon 270 0.175 0.099 0.274 1.679
Black Poplar
Acid OA 957 0.415 0.186 0.601 0.592
Black PO"%'” Salt 996 0.431 0.081 0.512 | 0.496
Waste Paper Acid
AKA 400 0.254 0.099 0.342 0.868
Waste Paper Salt
AKT 501 0.344 0.034 0.378 0.584

When examining the surface analyses, the highest BET was obtained in the OT sample.
These were followed by the OA, AKT, AKA, and commercial activated carbon samples,
respectively. The highest ratio of the number of micropores to the total pore number was
obtained in the AKT sample at 91%, while the lowest was obtained in the commercial
activated carbon. The high surface area makes the OT sample the most efficient sample
for adsorption. The highest average pore diameter was observed with the commercial
activated carbon (1.679 nm). This indicates greater macroporosity, while the other
samples are more concentrated in micro and mesopores. The OT and OA samples, with
the smallest pore diameters, show that they are concentrated in micropores. OA has a
high surface area and total pore volume. A balanced ratio of both micro and mesopores
provides an advantage for adsorption. Many studies support the effects of microporosity

on surface area and adsorption performance.

The effect of activation temperature and active substance on micropore formation was
examined and it was stated that more micropores were formed, especially at lower
temperatures. (Lua and Yang, 2004). It was stated that phosphoric acid contributed to
the formation of more mesopores and micropore development was limited. (Toles et al.,

1996). ZnCl: has been shown to form micropore structures that are particularly suitable
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for the removal of micropollutants (Yahya et al., 2015). It has been shown that pore
accessibility decreases as a result of the accumulation of acidic groups on the surface of
carbons activated with phosphoric acid. (Liou, 2010). It has been stated that ZnCl. leaves
less residue after carbonization and reduces the need for cleaning. (Namane et al., 2005).
Activation with ZnCl. was shown to be rapid and effective at low temperatures (Savova
et al., 2001).

FT-IR Analysis Results
FT-IR analysis was performed to determine the chemical composition of the commercial

activated carbons. Figure 3 shows the FT-IR results of the activated carbons.

Figure 3
FT-IR analysis results
L C-X ~——— Commercial Ativated Carbon AKA ———AKT =——O0A ——0
(Halogen),_ co oo oo
g =C CH = ? C-H 0.H
60
™ M
50 o AN
40 \& 7 ]
@ i e S

N ~

w
o

Transmuttance %

20

J-v“‘-\t__

/\____

10

0
300 550 800 1050 1300 1550 1800 2050 2300 2550 2800 3050 3300 3550 3800

Wavenumbers cm™!

When the commercial activated carbon, OA, OT, AKA and AKT samples are examined,
C-X (halogen) stretching vibrations at 450-600 cm-1 may contain halogen compounds
(C-Cl or C-Br) (Mabhapatra et al., 2012). C-O stretching vibrations at 1000-1300 cm-1
may indicate the presence of alcohol (R-OH), ester (R-COOR’) or ether (R-O-R’)
groups (unitechlink.com/ftir-analysis n.d.). 1450-1600 cm-1: Aromatic C=C stretching
vibrations may contain aromatic rings (benzene derivatives) (Gurten et al., 2012). 1600-
1700 cm-1: C=0 stretching vibrations. May contain carbonyl groups (ketone, aldehyde,
carboxylic acid). 2800-3000 cm-1: C-H stretching vibrations may indicate the presence
of alkanes or alkyl groups (Yagmur et al., 2008). 3300-3500 cm-1: O-H stretching
vibrations may indicate the presence of alcohol or water groups (unitechlink.com/ftir-

analysis n.d.).

Characteristic functional groups such as hydroxyl, aliphatic and aromatic hydrocarbons,
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carbonyl groups, esters, and ethers are observed in each graph. No distinct peaks
associated with inorganic compounds are present in these spectra. The presence of C=C,
OH, and C-O bonds within activated carbon allowed for the reduction of color, turbidity,
and COD values (Eletta et al., 2018; Mohammad Razi et al., 2018; Zhang et al., 2025).

Adsorption Experiment Results

In this study, a total of five different activated carbon samples produced using chemical
activation methods and commercially available were comparatively evaluated in
terms of Chemical Oxygen Demand (COD), turbidity, and color removal parameters
in wastewater treatment. Adsorption experiments were conducted with our activated

carbon samples. The adsorption test results are shown in Table 2.

Table 3
Adsorption experiment results
Sample COLOR
pH EC COD | TURBIDITY
Name " (RES)
. . 620 nm
PH Reading | EC Reading uS/cm | mg/L NTU 1
-
Sample 7,38 2893 725 105 1,09
Commercial
Activated | 7,54 2885 597 46,2 0,96
Carbon
AKT 7,67 2914 682 45,5 1,42
AKA 7,64 2901 639 55,2 1,03
oT 7,64 2893 587 40,6 0,95
OA 7,64 2928 595 54,7 1,03

In the study, the OT sample stood out with the highest adsorption capacity, with 19%
COD removal, 61% turbidity removal, and 13% color removal. It was reported that
the improved BET surface area and porosity resulted in more efficient removal of
contaminants from wastewater (Mojoudi et al., 2019). The success of the OT sample
in our study supports these results. The OT sample had the highest surface area and
microporosity, demonstrating the best adsorption performance. The OA and AKA samples
exhibited lower microporosity and surface area due to the use of phosphoric acid. It was
emphasized that phosphate residues caused pore blockage, limiting adsorption capacity
(Lua and Yang, 2004)

Commercial activated carbon (HAC) performed moderately compared to laboratory-
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prepared samples. This is consistent with the view that commercial carbons may not

always be suitable for specific applications (Baccar et al., 2009).

It has been stated that activated carbons, especially those produced from agricultural
wastes, are more effective in the adsorption of small molecules and that micropores
play a dominant role here. This is true for both OT and AKT (Kalderis et al., 2008).
They emphasized that surface chemistry and pore size distribution affect adsorption
performance. This balance was maintained at a moderate level in the AKT and HAK
samples (Rajabi et al., 2017). It has been stated that carbons with high pore volume
provide faster adsorption kinetics and these structures offer advantages especially in
dynamic systems (Yahya et al., 2015). It was stated that larger mesopores may also be
necessary for the adsorption of colored compounds, so the commercial activated carbon
sample showed similar performance in color compared to AKT (Li et al., 2008). It has
been emphasized that the performance of activated carbon depends not only on the
surface area but also on the functional group distribution and internal diffusion capacity
(Bansal and Goyal, 2005).

As a result of this comprehensive evaluation, the OT sample activated with ZnCl.
achieved the highest adsorption capacity in wastewater treatment thanks to its high
microporosity, large surface area, and low density. The AKT sample, with a more stable
structure, demonstrated superior results compared to HAK in COD, turbidity, and
color removal. While HAK remains at the average level in terms of performance, it has
advantages in terms of stability and accessibility. The OA and AKA samples exhibited
limited adsorption capacity due to pore blockage caused by phosphoric acid. These
findings once again demonstrate that activated carbon selection should be based on the
activation method, microporosity ratio, surface area, and molecular properties of the

target pollutant.

Conclusion
In this study, the densities, porosity, surface properties, morphological characteristics,
and wastewater treatment performance of activated carbon samples produced using
different production methods were comparatively evaluated. The following findings
were obtained from the experiments:

e According to these results, the OT sample had the highest surface area. These
were followed by OA, AKA, AKT, and Commercial Activated Carbon,
respectively. If we sort by micropore structure, the order is OT > OA > AKT >
AKA > Commercial Activated Carbon. This indicates that micropore structure is
a factor affecting surface area.

e The abundance of micropores indicates that a large portion of the total pore

structure occurs in the interior of the samples.
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e Zinc chloride was found to be more effective in micro- and mesopore development
than phosphoric acid, and its pore distribution was more homogeneous.

e FE-SEM images revealed that some samples had distinct pore structures, while
others had more pronounced macropores. Specifically, the presence of fewer
macropores in the AKT sample indicated that micropores were concentrated
more in the interior regions of the sample. The surface morphology revealed a
rough and irregular surface morphology.

e Density analyses revealed the lowest density in the OT sample. The other
samples were OA, AKA, AKT, and commercial activated carbon, respectively.
The results indicate an inverse relationship between porosity and density, with
density decreasing as porosity increases.

e Among the samples, the OT sample achieved high removal rates, with COD
(19%), turbidity (61%), and color (13%). There were no significant changes in
electrical conductivity or pH across all samples.

e Inactivated carbons produced with phosphoric acid, samples with lower porosity
and higher density were obtained due to the blockage of pores by phosphate
bonds. This limited adsorption capacity.

e When comparing the OA-OT and AKT-AKA samples, it is thought that the
porosity in the OA and AKA samples negatively affects the adsorption capacity.
On the other hand, activated carbons activated with zinc chloride had more
developed micro- and mesoporous structures. As a result, they exhibited better
adsorption performance.

e Once again, it was observed that micropores play a decisive role in the adsorption
process and therefore the best adsorption occurred in the OT sample..

e The high hydrophobicity of the OT sample, unlike the others, is thought to
have increased adsorption efficiency. These results are consistent with previous
studies. Furthermore, the presence of cellulose in the sample suggests a positive

effect on adsorption performance.

The OT sample exhibited better performance compared to the other samples. Its large
pore structure, low density, and high adsorption performance make it a preferred material
for wastewater treatment and other industrial applications. This study demonstrated that

zinc chloride is more effective than phosphoric acid.

The results of this study indicate that activated carbons produced from waste paper and
wood shavings are more effective in removing COD, color, and turbidity when compared
to coconut-based activated carbons commonly used in the market. Furthermore, this
approach allows for the production of environmentally friendly and economically
valuable products by repurposing waste materials. Future research using different

activation agents could explore their effects more comprehensively.
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It can be expanded by conducting different studies; optimizing the parameters such as the
amount of activation agent, temperature and time used in activation, evaluating different
waste materials in activated carbon production, investigating their performance in long-

term use and examining the adsorption isotherms and kinetics separately.
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Introduction
Throughout the historical process, modes of production have shown a continuous change
in line with technological advancements and economic transformations. While early
trade methods transitioned into the mass production that became widespread during the
Industrial Revolution, the digital age has now led to a preference for a personalized,
low-volume production model. With the acceleration of information and digitalization in
the 21st century, consumers have shifted towards unique, personalized, and specialized
products rather than standardized and uniform products. This transformation has enabled
users to design and produce their own products; in the field of furniture design, it has
become possible for individuals to produce their own furniture with the “Do It Yourself
(DIY)” approach (Kang, 2015). In this context, the DIY approach has significantly
contributed to the adoption and proliferation of 3D printing technologies (Aydin, 2015).
Over time, the expiration of 3D printer patents accelerated the use of 3D printers and
brought the concept of “fast furniture” to the fore by encouraging low-volume but high-
variety production. Thus, attempts to combine 3D printing with the design of furniture

and interior elements have begun (Kang, 2015).

3D printer technology stands out as an innovative production method that expands the
possibilities for unique and custom design in interiors. Thanks to its ability to produce
without being tied to molds, it offers the potential to transform spaces into personalized
works of art by challenging designers’ imagination. Furthermore, it provides unique
solutions in furniture and interior designs by enabling the rapid production of designs
that are suitable for user demands (Yildiztepe & Arabacioglu, 2024). In addition, this
technology not only provides aesthetics and functionality but also increases efficiency in
design processes (Akbaba & Akbulut, 2021).

Interior architects and designers can produce prototypes of furniture and interior design
elements using 3D printing technology in both their education and professional practice;

thus, they find opportunities to test their designs in a versatile manner. The three-
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dimensional models created with computer-aided software are converted into physical
outputs using additional digital programs. Since this method is based on a layer-by-
layer process, it is referred to as “additive manufacturing (layered manufacturing)” or
“rapid prototyping” (Eke, 2019; Yang & Du, 2022). This rapidly developing technology
makes the production, repair, or transformation of products possible in different spaces.
It also allows a product design to be downloaded from the digital environment, copied,
modified, or personalized before being printed. Furthermore, existing objects can be
3D-scanned and reproduced, which brings about a radical transformation in production
processes (Saad, 2016).

As a result of the literature review conducted within the scope of this study, it has been
observed that existing research on 3D printing technology has largely focused on general
design fields, while remaining limited specifically to furniture design and interior design
elements. Therefore, this study aims to first define 3D printing technology, investigate
how 3D manufacturing is used to produce furniture and interior design elements by
examining the basic components of 3D printing technology, and analyze the effects of
materials and modern technology on furniture and interior design through examples. In
the methodology of the study, a descriptive analysis method is used to define and analyze
3D printing technologies and the materials used with these technologies in furniture and
interior design elements. The findings obtained from this study are expected to contribute
to raising awareness about the production of furniture and interior design elements using
3D manufacturing. It is also aimed to provide interior architects and designers with a

different perspective and a guiding path.

3D Printing Technologies

3D printing is defined as the process of manufacturing an object by adding thin layers of
a selected material on top of each other by using data from a three-dimensional model
designed in a digital environment (El-Sayegh et al., 2020). This technology is a form
of manufacturing known as rapid prototyping technology or additive manufacturing
(Yang & Du, 2022). The American Society for Testing and Materials (ASTM) and the
International Organization for Standardization (ISO) define Additive Manufacturing
(AM) as a process in which physical objects are produced by joining materials layer
by layer, based on three-dimensional model data created in a digital environment
(El-Sayegh et. al., 2020). Compared to subtractive manufacturing methods, this new
approach has significant advantages, such as the ability to produce solid parts with lower
energy consumption, easier application of computer-aided process control compared to
other production technologies, the direct production of physical parts from computer-
aided design (CAD) models, significant savings in both time and cost, especially in
prototyping processes, offering design optimization freedom, and being accepted as one

of today’s most competent manufacturing technologies (Gedik et al., 2018; El-Sayegh
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et al., 2020; Cengiz & Aktepe, 2022). Due to these features, 3D printing is currently
considered an alternative method to traditional manufacturing techniques by producers.
Current research includes discussions that the effects of 3D printing technologies may
radically change not only production methods but also our design, consumption, and
living practices; thus, it could be a pioneer of a new industrial revolution (Gedik et al.,
2018).

Today, 3D printers are used in a very wide range of applications and hold significant
potential, especially in furniture and interior design and their production processes.
This technology stands out as an innovative manufacturing method that allows for the
production of personalized designs and unique products. Furthermore, the use of 3D
printers is not limited to design disciplines; they are also effectively used in the medical
field for the production of prosthetics, dental implants, and biomedical devices, as well
as in the prototyping processes of industrial design and machine parts. The production
process of 3D printers is based on a working principle that consists of 4 main stages
(Figure 1). These stages are modeling, joining, production, and cooling, respectively

(Yildiztepe & Arabacioglu, 2024). These stages can be briefly explained as follows.

Figure 1
Working Principles of 3D Printers (Yildiztepe & Arabacioglu, 2024)
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the final 3D object.

1. Modeling: The first stage of the 3D printing process is the creation of a 3D model
of the object to be produced in a digital environment. This model is designed
through CAD software or obtained by utilizing 3D scanning Technologies
(Yildiztepe & Arabacioglu, 2024).

2. Slicing: The created 3D digital model is converted into a Standard Triangle
Language (STL) file type, which is a processable format for the printer. After this
stage, the relevant software divides the model into layers and allows each layer to

be produced sequentially by the printer (Yildiztepe & Arabacioglu, 2024).

3. Production: The 3D printer creates the object by adding layers of material one
on top of another until a physical object is formed. This production process is
carried out with the use of different types of materials (Y1ildiztepe & Arabacioglu,
2024).

4. Cooling and Layer Unification: After the production of each layer, some printer
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systems use air or liquid-based cooling methods to solidify the layers. Following

this process, the layers are integrated to produce the final 3D object (Yildiztepe

& Arabacioglu, 2024).
In the final stage of the production process, after the final 3D object is created, various
finishing operations need to be applied. Depending on the properties of the material used
and the geometric complexity of the product, some parts may require secondary processes
such as sanding, filing, polishing, curing, material filling, or painting (Saad, 2016).
3D printing technologies include different production methods, and the fundamental
distinction between these methods arises from the way the layers are created. The most
commonly used 3D printing technologies include Selective Laser Sintering (SLS),
Stereolithography Apparatus (SLA), and Fused Deposition Modeling (FDM) methods.
In general, the key elements to be considered in the 3D printing process are production
speed, the cost of the prototype, the economic dimension of the printer hardware, the

type and cost of the material to be used, and the possibilities regarding color variety.

In the following section, a briefoverview of evolving 3D printing technologies is provided.
Additionally, in Table 1 created for the study, the types of 3D printing technologies are
comparatively analyzed in the context of their 3D operating principles, materials used,
advantages, and disadvantages.

An Overview of 3D Printing Technologies

Fused Deposition Modeling (FDM)

Fused Deposition Modeling (FDM) is a common manufacturing method based on the
principle of melting a material through a heated nozzle and depositing it layer by layer.
In accordance with the print paths derived from CAD data, molten plastic filaments are
stacked one on top of another by a print head moving along the X, Y, and Z axes to create
a solid object (Nadarajah, 2018). The advantages of this method include low hardware
and material costs, ease of application, being the most common method, the ability to
produce products with complex geometries, a wide range of material options, and the
ability to process high-strength plastics. However, it has disadvantages such as surface
roughness, low production speed, and issues with precision and material density (Saad,
2016; Sahin & Turan, 2018). In recent years, FDM’s scalability has increased, and this
has made it widespread in various sectors such as medicine, construction, and prototype
production. In this method, thermoplastic filaments such as ABS, PLA, PETG, nylon,
TPU, PC, and ULTEM are commonly used. Additionally, materials like steel, concrete,
and wood have been adapted for this technology (Saad, 2016; Topal & Kavut, 2024; Eke,
2019).

Stereolithography (SLA)
Stereolithography (SLA) is an additive manufacturing method that begins with the
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conversion of CAD data into STL format and is based on the layer-by-layer curing of
photopolymer resin with a UV laser. The production process starts with a thin layer of
photopolymer spread on a perforated platform, and this layer is selectively cured by a
UV laser beam to form the first layer. The 3D model is completed by adding successive
layers on top of each other using the same method, and the object is then removed
from the tank. After production, the parts are cleaned with a solution to remove excess
resin and then subjected to a UV curing process to complete polymerization (Nadarajah,
2018). The advantages of this method include high resolution, smooth surface quality,
and the potential for rapid prototyping, while its disadvantages include high material
and equipment costs, long printing times, and limited material variety (Canbolat &
Aydin, 2019; Eke, 2019). SLA, which can be applied with resin-based photopolymers
and materials similar to ABS, PC, and PP, is used in many sectors, especially medicine
and manufacturing, for the production of prototypes and final products (Sahin & Turan,
2018; Chen et al., 2023).

Selective Laser Sintering (SLS)

Selective Laser Sintering (SLS) is an additive manufacturing method based on sintering
thin layers of powdered materials with a high-power laser. In the process, which begins
with the conversion of CAD files into STL format, the laser fuses the powder particles
together by heating them just below their melting point and creates a layered structure.
This technology, developed by Carl Deckard and Joe Beaman in the 1980s (Nadarajah,
2018), offers advantages such as strong structure, high heat and chemical resistance, fast
production, durable print quality, and the ability to create complex geometries without
the need for support structures (Saad, 2016; Sahin & Turan, 2018; Eke, 2019). However,
this method has some disadvantages, including high costs due to the use of a high-
power laser, process complexity, limited precision dependent on powder particle size,
and the need for additional post-processing due to rough surfaces. The method can be
applied with various powdered materials such as ceramics, glass, composites, nylon
(PA), aluminum, steel, sand, paper, and wood (Eke, 2019; Saad, 2016).

Selective Laser Melting (SLM)

Selective Laser Melting (SLM) is a technology based on the complete melting of
metal powders with a high-density laser and combining them in a layered manner.
The method offers advantages such as superior surface quality, high performance, the
production of complex geometries, and the acquisition of lightweight and large-scale
parts as an alternative to welding processes (Chen et al., 2023; Saad, 2016). However,
the disadvantages of the method include limited production size, high cost, the need
for support structures, and the requirement for additional post-processing for a smooth
surface. SLM is commonly applied with metal powders such as titanium alloys, stainless
steel, and aluminum (Saad, 2016; Chen et al., 2023).
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Laminated Object Manufacturing (LOM)

Laminated Object Manufacturing (LOM) is an additive manufacturing method based on
laminating layers of paper, plastic, or metal with heat and pressure, then shaping them
with a laser or blade. The process is repeated until the model is completed by cutting
layers that have been joined with adhesive according to the CAD data. This method,
developed by Helisys Inc. in the 1980s, allows for low-cost, rapid prototype production
and multi-color use (Nadarajah, 2018; Eke, 2019). However, the method has some
disadvantages, such as low precision (Sahin & Turan, 2018), low material durability
(Eke, 2019), and inadequacy with complex geometries. In LOM, various materials like
paper (new or recycled), plastic foam, ceramics, and layers impregnated with metal
powder can be used (Saad, 2016; Sahin & Turan, 2018).

Direct Metal Laser Sintering (DMLS)

Direct Metal Laser Sintering (DMLYS) is a powder-based additive manufacturing method
that allows for the direct production of complex metal components from CAD data. In
this process, a CAD model, powder material, and energy input are primarily used; parts
with high density, good surface quality, and superior mechanical properties are obtained
by sintering each layer selectively with a laser. DMLS provides cost and time advantages
in low-volume production by eliminating the need for molds. It also offers additional
benefits such as design flexibility and reduced inventory costs by allowing parts to be
stored digitally and produced on demand. However, it has limitations in the production
of large-scale parts and often requires additional post-processing. The method is widely
applied with materials such as titanium, aluminum, nickel alloys, stainless steel, and
cobalt chrome (Venkatesh & Nandini, 2013).

Digital Light Processing (DLP)

Digital Light Processing (DLP) technology is based on the principle of solidifying liquid
photopolymer resin on its surface by directing ultraviolet light through micro-mirrors.
The simultaneous solidification of the cross-sectional area of the layers significantly
increases production speed compared to laser-based scanning methods (Eke, 2019).
While the DLP method offers advantages such as high resolution, production precision,
and the ability to produce complex geometries, it has certain limitations due to limited
material variety and restrictions on layer thickness. This technology primarily uses liquid

photopolymer materials (Saad, 2016).

Rapid Liquid Printing (RLP)

Rapid Liquid Printing (RLP) is an additive manufacturing method particularly suitable
for the production of small-scale products; however, its production capacity is limited
on an industrial and commercial scale. This technology, developed in collaboration
between MIT and Steelcase, focuses on speed, size flexibility, and the use of high-quality
materials. RLP is based on the principle of directly injecting liquid material into a special

gel medium and can work with various industrial liquids such as rubber, foam, and
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plastic. The gel eliminates the need for support structures by holding the material in
place and prevents void formation by self-restoring after the nozzle pass. The product
hardens through a chemical reaction without requiring additional light or heat treatment
and can be directly removed from the gel medium. Thus, designs can be produced faster
without the necessity of layered manufacturing (Canbolat & Aydin, 2019).

3D Concrete Printing (3DCP)

3D Concrete Printing (3DCP) is a production method based on the layer-by-layer
deposition of cement-based materials by extrusion devices. The print head typically
moves horizontally on a large frame, while the extrusion apparatus places the pre-
formulated mixtures layer by layer along the desired geometric contours. This method
eliminates the need for molds, saves on material and labor, offers fast production
capabilities, presents design freedom, and facilitates the production of complex curved
forms. Its disadvantages include high hardware and initial costs, limited material variety,
and weak inter-layer bonding (Girskas & Kligys, 2025). Besides concrete, materials
such as plastic, sand, metal, clay, and recycled or local materials can be used in 3DCP.
The technology has various applications, including the production of residential and
infrastructure structures, bridges, panels, artificial reefs, furniture, and sculptures
(Nadarajah, 2018).

Binder Jetting (BJ)

Binder Jetting (BJ) technology is an additive manufacturing method where a liquid
binder material brings together powdered raw material layer by layer (Sahin & Turan,
2018). The structural material does not come directly from the printer but consists of
a powdered raw material brought together by the binder. Although this method, first
developed by the Massachusetts Institute of Technology (MIT), is called “3D Printing
(3DP)” in the literature, it has not been registered as an official trademark. The licensing
rights for the technology initially belonged to Z Corp, but they were later transferred
to companies such as 3D Systems and ExOne. The method offers advantages such as
support-free production and multi-color options, but it also has disadvantages such as
high cost and limited mechanical strength. Ceramic, metal, plastic, sand and composite

materials are commonly used in this technology (Eke, 2019).

PolyJet (Additive Modelling)

PolyJet technology is based on the principle of accumulating liquid polymers layer
by layer by jetting them in fine droplets, and instantly curing each layer by UV light.
This method enables the production of complex geometries with high precision and
resolution, and stands out for its rapid prototyping capability, multi-material use, smooth
surface quality, and user-friendly nature (Sahin & Turan, 2018). However, its main
disadvantages include low mechanical strength, limited material variety, high cost, and

the need for support structures (Gibson, et al., 2021). Photopolymer resins and acrylic
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materials are used in this technology (Sahin & Turan, 2018).

Multi-Jet Printing (MJP)

Multi-Jet Printing (MJP) technology is based on the principle of depositing liquid
photopolymer droplets layer by layer via print heads that operate on the logic of inkjet
printers. The use of multiple nozzles makes it possible to print the main and support
material simultaneously, and the ability to apply three different materials concurrently
increases color and material variety. This method is prominent for its advantages of high
resolution, smooth surface quality, multi-material combinations, and easily removable
wax support material. However, it also has disadvantages such as limited production
volume, high cost, and low mechanical strength. MJP technology can work with plastic,
metal, and wax-based materials, and it is particularly preferred for low-volume end-use
parts, prototype production, and assembly testing. Healthcare, automotive, consumer
products, and household goods are among the common application areas of this
technology (Eke, 2019).

Directed Energy Deposition (DED)

Directed Energy Deposition (DED) is an additive manufacturing technology based on
the principle of melting and depositing metal powders or wires layer by layer with a
high-energy heat source (laser, electron beam, or plasma arc) (Herzog et al., 2016).
It is generally preferred for the production of large-scale parts, surface coatings, and
repair applications. Functional gradient structures can be produced with multi-material
printing, and the production process is not limited only to horizontal layers thanks to 4-5
axis systems (Eke, 2019). The main advantages of the method are its high production
speed, suitability for large-part manufacturing, and the ability to combine different metal
alloys in a single process. Its disadvantages are surface roughness, geometric limitations,
high equipment cost, and the risk of porosity due to rapid solidification (DebRoy et al.,
2018). Metallic materials such as titanium, aluminum, nickel, cobalt-chromium alloys,
stainless steel, and similar materials are commonly used in the DED process (Liu et al.,
2017).

Table 1
Comparison of 3D Working Principle, material properties and advantages and

disadvantages of different 3D printing methods

3D Printing 3D \.Vm"kmg Basic Materials Advantages Disadvantages
Technology Principle
. The most popular
FDM . . Therr'noplastlc technique, inexpensive, Rough product surface, low
. Filament melting materials, ABS, . .

Fused Deposition . easy, complex geometry, production speed, precision

. and layering PLA, Nylon, PC, . . . .

Modeling flexible, resistant and and material density
ULTEM . .
durable, variety of materials
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Resin-based

high resolution and

LA ials, Liqui . e
S. Photo- materials, Liquid smooth surface quality, Cost, long printing time,
Stercolithography olymerization photopolymer, rapid prototyping, detailed limited materials
Apparatus poly ABS-Like, PC- piap m(})lgelsg’
Like, PP, Like
- Powder Material, . . Expensive, more complex,
combining . resistance to high heat, printing  sensitivity s
SLS Ceramic, Glass, . .. .
. powdered . , high speed, durable limited by the size of dust
Selective . Composites, . . .
materials by print quality, complex particles, rough surface
Laser o Nylon PA, . . .
o distributing them . geometries, chemical finish due to the powder-
Sintering L Aluminum, Steel, . .
in thin layers resistant, strong structure based manufacturing
Sand, Paper,Wood
process
Limited size,
Excellent surface quality }.u.gh cost, The use of
produced by additional support elements
. performance, complex . .
SLM melting metal . in the production of
. . Metal powder and forming structure. the .
Selective Laser powders with a metal allovs otential to replace weldin complex geometries,
Melting laser and bonding ¥S, p artorep & Additional surface
. applications, large and
them in layers lichtweight products treatment processes must
& ghtp be applied to achieve a
smooth surface.
Plastic foam,
LOM Paper (new Rapid prototyping low precision, fragile
- . or recycled), . ..
Laminated Laser cutting and Ceramic technology, cost- material low precision and
Object bonding of sheets Metal owzier effectiveness, multi-colour inadequacy in complex
Manufacturing . u usage geometries
impregnated
materials.
Titanium,
Aluminum, No mold requirement, Surface roughness is high;
DMLS . . . .
. Nickel Alloy, cost efficiency, time final processing may be
Direct . . . . s . Lo .
Powder bed fusion Stainless savings, design flexibility, required, has limitations in
Metal Laser . .
L Steel, Cobalt high surface quality, and the manufacture of large-
Sintering .
chrome, mechanical strength volume parts,
Maraging steel,
. Provides simultaneous
DLP Curing of production, complex
.. . photopolymer Liquid i Limited product variety,
Digital Light S shapes can be produced, L . .
. resin using UV photopolymer . . SRR limited material variety
Processing lioht provides high precision in
& production
RLP Pr11n014ple of dl_rect Rubber, Foam, Suitable for the production Limited production
PR liquid material Plastic, . . . .
Rapid Liquid L o . . of complex geometries, fast capacity on an industrial
- injection within a Any industrial . . . .
Printing . 7 . and high-quality production and commercial scale
gel suspension liquid material
3DCP Extrusion- ConC}’ ete and N(? formworlf requlred,‘ Costs, limited material
.. Plastic, sand, Rapid production, Material . .
(Concrete based additive . . variety, weak interlayer
Printing) manufacturin metal, clay along and cost savings, Design bondin
& utacturing with concrete flexibility onemg
Filling powder- .
. BJ . filled material Ceramics, san d, Unsupported material multi Cost, limited mechanical
(Binder Jetting) . metal, plastic, .
sheets with composite color properties
adhesive liquid P
Complex geometry, high
PolyJet . speed, hlg}.l precision Low mechanical strength,
o Photopolymer Acrylic, and resolution, easy to e
(Additive . . : cost, material limitations
. sputtering and UV photopolymer use, multi-material use, .
Modelling) - . . . and support material
curing resins functional prototyping and requirements
suitable for office/home d
environments
MJP layer-by-layer High resolution and limited material diversity,
. deposition precision, use of resistant L .
(Multi- Jet S . . . limited production volume,
.. of liquid Plastic, metal, wax and flexible multi- . .
Printing) . limited mechanical
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3D Printing Technologies in Furniture and Interior Design Elements

In recent years, 3D printing technology has made an impact across many sectors,
especially food, construction, automotive, and healthcare. The number of sectors not
directly affected by this technology has remained quite limited. This rapid development
process has paved the way for radical transformations in the fields of interior design
and furniture production (Eti Proto & Kog¢ Saglam, 2021). In this context, 3D printing
technology not only offers an innovation in production methods but also initiates a new
era in the design paradigm. Traditional furniture design and production methods are
no longer considered sufficient alone and are being replaced by alternative approaches
supported by innovative technologies. Accordingly, 3D printing technology presents
significant potential by expanding the possibilities for original and personalized
design in interiors (Yildiztepe & Arabacioglu, 2024). This process, unlike traditional
manufacturing in furniture and interior design, allows for production directly from
digital data without the need for molds, assembly, or additional processing (Aydin,
2015). Within the context of interior design, 3D printing makes it possible to produce
furniture pieces with personalized and complex geometries by enabling designers to
seek original forms (Kang, 2015; Eti Proto & Kog¢ Saglam, 2021). This process, through
rapid prototyping and small-scale production capabilities, allows designers to transform
their ideas into physical form and experiment with different materials (Kang, 2015).
Furthermore, the 3D printing process contributes to the development of efficiency in
material use, sustainability, and a user-centered design approach (Cengiz & Aktepe,
2022). This technology, which goes beyond the mold-dependent production concept,
allows furniture and spaces to acquire user-specific characteristics. Therefore, the use of
3D printing in interior design provides both transformation and advantages from various
aspects in design practices (Yildiztepe & Arabacioglu; 2024).

The emergence of new technologies has many advantages and disadvantages. This
section will discuss the advantages and disadvantages of 3D printing technologies in

furniture and interior design elements.

Advantages of 3D Printing Technologies in Furniture and Interior Design Elements

Personalization and Customization: This approach, which goes beyond standard
production molds, allows for the development of innovative designs specific to each space
and individual. Thus, it becomes possible to personalize interior spaces. It enables the 3D

modeling and production of 3D designs, and in this way, it significantly contributes to

— o

Tuba ARKAN DEMIRORS



Innovative Approaches in Materials Science and Applications

the development of customized products (Saad, 2016; Yildiztepe & Arabacioglu, 2024).

Design Freedom and Production of Complex Geometry Products: 3D printing allows
for the design and production of complex, organic, and unique forms that are difficult to
achieve with traditional methods (Petrova & Jivkov, 2024).

Economic: Although 3D printing technology initially requires high equipment and
setup costs, it eventually has a lower production cost compared to the labor-intensity
and additional costs that arise in traditional production methods (Saad, 2016; Eti Proto
& Kog Saglam, 2021; Yildiztepe & Arabacioglu, 2024).

Rapid Production and Prototyping: In contrast to the time-constraining nature of
traditional production processes, 3D printers provides significant advantages in terms
of both efficiency and continuity by rapidly converting designs into production (Aydin,
2015). Furthermore, the time to create a prototype from a model is shortened; the
time elapsed from the modeling of the design to its physical realization is much lower

compared to traditional methods (Petrova & Jivkov, 2024).

Reduced Material Waste and Sustainability: Traditional furniture production leads
to high material waste due to cutting and shaping processes. In contrast, 3D printing
technology reduces waste by using only the necessary amount of material and offers a
sustainable production approach by allowing waste to be recycled and reused (Cengiz
& Aktepe, 2022; URL-1). Moreover, parts produced with 3D printing can be up to 60%
lighter compared to those produced with traditional methods, and provide an advantage

in terms of both cost and environmental impact while maintaining the same strength
(Saad, 2016).

Reduction of Storage Costs: Traditional mass production processes bring with them
the need for storage and associated costs resulting from large-scale production. 3D
printing technology significantly reduces storage requirements and costs in small-scale
productions (Thomas & Gilbert, 2014).

New Material Combinations: 3D printing technology allows different raw materials
to be used together by overcoming the limitations of traditional production methods
regarding material combinations. Thanks to additive manufacturing, materials other than
plastic have also become processable, and numerous materials with metal, ceramic, or
glass appearances, various strengths, and heat resistance have become usable in design
processes. This increases design freedom and supports functional and aesthetic diversity
in production (Saad, 2016).
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Disadvantages of 3D Printing Technologies in Furniture and Interior Design Elements
Surface Quality and Post-Processing Requirement: Due to additive manufacturing,
layer lines on the final product can be visible, and the surface of the product produced
with 3D printing is often rough. Therefore, the products require post-processing before
use. Especially for interior design elements and furniture parts that are aesthetically
prominent, post-processing activities such as painting, sanding, or coating are necessary
(El-Sayegh et al., 2020).

Unauthorized Copying of Products: One of the most significant disadvantages of
3D printing technology is that it enables the production of counterfeit products.
Consequently, this leads to intellectual property rights infringements. This technology
allows any individual with access to the necessary design files and a 3D printer to become
a producer. This situation complicates the detection of the source of counterfeit products
and makes it significantly difficult for copyright and patent holders to protect their legal
rights (Saad, 2016).

Scale Limitations and Production Speed: 3D printers have certain limitations regarding
the dimensions of the objects created. While providing significant advantages in small
and medium-scale projects, the production of large furniture pieces or high-volume mass
production processes can take a long time. Consequently, in some cases, traditional
production methods may be more efficient in terms of the advantages arising from the

economic scale (URL-2).

Lack of Material Diversity: Compared to traditional materials used in furniture parts,
the types of materials that can be used in 3D printing are still limited. Especially for
advanced polymers, metals, and composites that can meet the requirements for durability,
aesthetics, and mechanical performance, suitable options are either high in cost or have
technical constraints in use (Petrova & Jivkov, 2024).

Furniture and Interior Design Elements Produced by 3D Printing Technologies
and Their Analyses

In this section, furniture and interior design products manufactured using 3D printing
technologies are distinguished. The analysis has been carried out in terms of the type
of 3D printing technology examined, the material used and its properties, as well as the
general application and presentation of the design. The evaluations of these analyses are
provided in Table 2.
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Table 2
Analyses of 3D Printed Products: Design, Designer, Design Concept, 3D Printer
Materials, Material Properties, General Use, and 3D Printing Technology

Design: Bikechair
Designer: Giorgio Gurioli.

Design -Design and Collaboration: The Bikechair was designed by Italian designer Giorgio
Prototype/ Gurioli and produced using large-scale 3D printing technology; the project was
Design realized in collaboration with WASP (World’s Advanced Saving Project) (URL-3).
Concept -Exhibition: The product was exhibited at the Milan PLAST Fair in 2018.

-Design Objective: The chair aims to provide an ergonomic and aesthetically pleasing
seating experience while offering a posture suitable for passive exercise (URL-3).
-Production Process: Large-scale printing was carried out using Delta WASP 3MT
INDUSTRIAL 3D printers using thermoplastic granules provided by Eni Versalis;
production time was approximately 10 hours (URL-3).

-Material and Technical Characteristics: ABS (Acrylonitrile Butadiene Styrene)
granules were used, with a 1 mm layer height ensuring detailed and smooth surface
quality (URL-3).

-Aesthetics and Functionality: The yellow ABS material provides a modern and
dynamic aesthetic, while the ergonomic design offers user comfort. The design
integrates digital production with traditional craftsmanship, reflecting the Maker
Economy approach (URL-3).

Material ABS (Optimized ABS in pellet form)

- Surface Quality: ABS models exhibit a rougher surface compared to other materials
(Saad, 2016).

-Water and Heat Resistance: ABS is water-permeable and can withstand temperatures
up to approximately 105 °C (Saad, 2016; Sahin & Turan, 2018).

- Dimensional Accuracy: The material allows for the production of precise and
detailed parts (URL-4).

- Surface Treatments: Smooth and aesthetic surfaces can be achieved by chemical
treatment with acetone (Demircali et al., 2024).

- Cost: ABS is a low-cost material (URL-5).

-Safety Warning: It can release HCN gas at high temperatures; therefore, good
ventilation is required during printing (Sahin & Turan, 2018).

Material
Properties

-ABS filament is widely used in furniture connectors, prototypes, architectural
models, consumer products, and component production (Petrova & Jivkov, 2024;
Sahin & Turan, 2018).

-Functional Capability: ABS is suitable for producing fully functional models; for
General Use | example, Lego pieces are made from this material (Sahin & Turan, 2018).
-Mechanical Properties: ABS is characterized by high strength and impact resistance
(Demircali et al., 2024).

-Material Advantages: The material is UV-resistant and is one of the closest options to
real production materials (Saad, 2016).

3D Printing
Technology
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Design: Voxel Chair V1.0
Designer: The design team is led by DCL’s two co-directors, Manuel Jiménez
Garcia and Gilles Retsin.

Design
prot(g,type/ -Production and Exhibition: The Voxel Chair v1.0, produced in collaboration with
Design Nagami. Design and Vicente Soler, is currently exhibited at Imprimer Le Monde at the
Concept Centre Pompidou, Paris (URL-6).

Design Inspiration: The model was inspired by the iconic Panton Chair designed by
Danish designer Verner Panton (URL-6).

-Production Method: Unlike conventional additive manufacturing, software
developed by the Bartlett Design Computation Laboratory (UCL) generates the design
through robotic extrusion of a continuous 2.36 km-long PLA filament (URL-6).
-Structural Characteristics: A robotic arm extrudes molten PLA directly into the
air along computer-controlled paths; as the material cools and solidifies, it forms a
lightweight, durable, and lattice-like structure (URL-6).

-Material and Color: Transparent blue PLA filament was used in the prototype
production (URL-6).

Contribution of the Software: The system enables the fabrication of complex
patterns while minimizing material consumption, thereby producing lightweight and
efficient structures (URL-6).

Material PLA

Material -PLA (polylactic acid) is a thermoplastic aliphatic polyester produced from
Properties renewable resources (URL- 7).

- PLA is a recyclable and environmentally friendly material (Sahin & Turan, 2018).
- When mixed with different components, it can achieve wood- or plaster-like
appearances (Sahin & Turan, 2018).

- PLA material has lower strength compared to ABS material (Sahin & Turan, 2018).
- Due to its slow solidification, printing errors may occur at high printing speeds;
however, the use of cooling fans can mitigate these issues and enable higher printing
speeds (Sahin & Turan, 2018).

- It has lower heat resistance than ABS. (Sahin & Turan, 2018).

General Use

3D Printing

Technology Robotic 3D Printer
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Design: Nadarra — 3D-Printed Sand Wall
Designer: London-based architect and researcher Barry Wark.

Design
Prototype/ R .
Design - Exhibition:Nadarra is located at the entrance of the Dubai Future Museum (URL-8,

Concept URL-9).

- Dimension and Structure: The wall measures 3X6 m and is composed of reusable
modules (URL-8, URL-9).

- Modular Design: The structure consists of puzzle-like panels that are easily
assembled, manually transportable, and recyclable up to eight times (URL-8, URL-9).
- Production Technique: The panels were produced using a binder jet printing
method, which involves adding liquid binder to thin layers of sand particles (URL-8,
URL-9).

- Sustainability: The sand-based technology minimizes waste generation and enables
the repeated fabrication, assembly, and recycling of the modules (URL-8, URL-9).

- Environmental and Design Contribution: The prevention of material waste offers
environmental benefits, while the method also allows the production of complex
geometries without the need for molds (URL-8, URL-9).

Material SAND

Production Technology: Production was carried out with the Voxeljet VX1000 3D
printer used by the German 3D printer company Sandhelden; Quartz sand was used
as the material (Kursun & Ipekoglu, 1995).

Material - Post-processing: After 3D printing, the object is strengthened and solidified by
Properties | applying a liquid preservative, this process is called infiltration (Kursun & Ipekoglu,
1995).

- Material Properties: Quartz sand is a material found abundantly on earth (Kursun
& Ipekoglu, 1995).

-Quartz sand is used in different sectors such as glass, foundry and refractory
industries (Kursun and Ipekoglu, 1995).

- In glass production, quartz sand must contain more than 99% SiO. and the amount
General Use | of impurities must be stable (Aydin, 2021).

- In casting systems, quartz sand must contain a minimum of 95-96% SiO. (URL-10).
- When heated up to 1500 °C, quartz sand demonstrates high refractory performance
(Kursun and Ipekoglu, 1995).

3D Printing

Technology BJ (Binder Jetting)
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Design Prototype/
Design Concept

Design: Gradient Fauteuil (3D printed concrete furniture), 2021
Designer: Philipp Aduatz

Dimensions: The dimensions of the design are 108 x 95 x 102 cm (URL-
11).

- Production Technology: The seating unit is produced using the 3D concrete
printing method, enabling rapid production of complex forms without the
need for molds (URL-11).

- Ecological and Economic Contribution: Not using molds provides
sustainability and cost advantages (URL-11).

- Aesthetic Feature: During the printing process, pigments were injected into
the concrete to create localized gradient color effects, resulting in each piece
possessing a unique aesthetic transition (URL-11).

- Structural Strength: The low tensile strength of concrete is strengthened by
steel reinforcement in the design (URL-12).

Material

CEMENT

Material Properties

- Design Opportunities: 3D concrete printing enables the production of
complex and innovative designs (URL-13).

- Aesthetic Contribution: This method facilitates the creation of more aesthetic
and original designs (URL-13).

General Use

-3D concrete printing enables free-form, organic, and innovative furniture
designs by eliminating traditional constraints such as molding or prefabrication
(Buswell et al., 2018; Bos et al., 2016).

- Concrete provides high mechanical strength, resistance to weather conditions,
and long service life, particularly for outdoor furniture applications (Wolfs et
al., 2019).

- Thanks to additive manufacturing, production can be done without using
molds, which reduces material waste and additional costs (URL-13).

- Designers can develop user-specific forms, patterns, and dimensions with 3D
concrete printing; this provides advantages in indoor and outdoor applications
(Yildiztepe & Arabacioglu, 2024; URL-13).

- The low tensile and impact strength of concrete may lead to structural
weaknesses in furniture applications (URL-13).

3D Printing
Technology

Robotic arm-based 3D concrete extrusion printing method
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Design: Reform Lounge Chair
Designer: Jurih Rahimkulov

Design

Prototype/

Design

Concept
-Design Approach: Reform Lounge Chair was designed with an aesthetic approach
that integrates art, technology and sustainability (URL-14).
- Production Method: Additive manufacturing (3D printing) technique, a computer-
controlled process that deposits material in layers, was used in production (URL-14).
- Digital Infrastructure: The design and software processes were developed using
cloud-based platforms (URL-14).
- Area of Use: The design can be used in both indoor and outdoor conditions (URL-
14).

Material WOOD (made of DuraSense®, a wood fiber-based biocomposite)

-Material Composition: The material contains cellulose fibers (URL-15).

Material -Mechanical and Production Advantages: Cellulose fibers provide high strength,
Properties good printing performance and flexibility in finishing (URL-15).

- Sustainability: The material is environmentally friendly and sustainable (URL-15).

-Wood and sawdust can be ground into fine powder and mixed with a binding material
to be used in 3D printing (Cengiz & Aktepe, 2022).

- Energy Efficiency: Wood exhibits lower energy consumption compared to steel and
cement-based materials (Cankal & Sakar, 2021).

- Wood is a natural and renewable resource and a sustainable building material with
low carbon emissions and low energy requirements (Cengiz & Aktepe, 2022).

General Use

3D Printing

Technology Large-Scale 3D Printing
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Design
Prototype/
Design
Concept

Design: Dragon Bench
Designer: Joris Laarman (Joris Laarman Lab, Dutch, established 2004)

- Technological Innovation: Dragon Bench is one of the pioneering examples of
3D printing in metal processing. The design is produced with the MX3D robotic 3D
printing system developed by Joris Laarman (URL-16, URL-17).

-Production Method: The MX3D system is based on the principle of Wire Arc
Additive Manufacturing (WAAM), which combines industrial robotic arms with
welding technology (Canbolat & Aydin, 2019; Eke, 2019).

-Material Diversity: This method enables the melting and solidification of metals
such as stainless steel, aluminum, copper, and bronze into freeform lines without the
need for support structures (URL-16, URL-17).

-Furniture Design: Dragon Bench is one of the first examples of furniture produced
with this technology and is considered as a hybrid research object that combines art,
engineering and design (URL-16, URL-17).

-Advantages: Compared to traditional furniture manufacturing, the method provides
significant advantages in terms of cost and time efficiency by offering design freedom,
material efficiency, parametric form generation, and the elimination of support
structure requirements (URL-16, URL-17).

Material

STEEL

Material
Properties

-Metal powders used in 3D printing technologies consist of micro- or nanoscale
particles of metallic elements or alloys. These powders are employed in additive
manufacturing processes through 3D printers (URL-18).

General Use

-Compared to conventional methods, 3D metal printing enables the production of
more complex and flexible components (URL-18).

-Metal powders are of critical importance for ensuring the desired alloy composition,
properties, and mechanical strength (URL-18).

-Metal tozlar lazer veya elektron 1sin1 ile eritilir ve katmanlarla birlestirilir.

-Various metal powders, such as titanium, aluminum, stainless steel, and nickel
alloys, are utilized in this process (URL-18).

3D Printing
Technology

MX3D-Metal 3D-Printing Robot
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Design: Print To Build
| Designer: Gellert Olle (2017)

Design

Prototype/

Design

Concept
-Design Series: Gellert Olle’s “Print to Build” series consists of modular connectors
designed to join 8 mm thick plywood panels at angles 0of 90°, 45°, and 120° (URL-19).
-Assembly Feature: The system is distinguished by its ability to be assembled without
the use of screws or adhesives (URL-19).
-Production and Weight: The connectors are produced via 3D printing, designed to
accommodate different angles, with the heaviest component weighing approximately
30 grams (URL-19).

Material POLYAMIDE (Powder)

Material Properties: Polyamide (nylon) is a widely used thermoplastic that provides
toughness and flexibility, along with high impact and abrasion resistance (URL-20).
Economic Advantage: Due to its low cost, polyamide is preferred in the production
of functional parts using 3D printers (URL-21).
-Production Method: Polyamide prints are produced from white, fine-grained

Material powder (URL-22).

. -Mechanical Properties: The resulting products are durable and flexible, exhibiting
Properties

resistance to minor impacts and bending (URL-23).

Surface Texture: The surfaces have a sandy, granular, and slightly porous appearance
(URL-24).

Usage Limitation: Due to its moisture-absorbing property, polyamide is unsuitable
for outdoor use; however, it can be rendered waterproof through specific treatments
(URL-25).

-Application Area: Polyamide is suitable for the production of detailed and complex
models (URL-24).

General Use | Prototype Production: It is particularly preferred for small-scale prototypes (e.g.,
lamps, connectors) (URL-24).

3D Printing

Technology FDM (Fused Deposition Modeling)
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Design: Aluminum Gradient Chair
Designer: Joris Laarman

Design
Prototype/
Design
Concept
- Exhibition: The design is in the permanent collections of the National Gallery of
Victoria in Australia and the Vitra Design Museum in Germany (URL-26).
- -Production Technology: The Aluminum Gradient Chair is the first non-plastic
3D-printed furniture produced by layering aluminum powder and compressing it
with a laser (URL-27).
- Design Feature: The chair employs a gradient cellular density approach based
on biomimetic and generative design principles, providing high structural strength
and lightweight performance. Additionally, its permeable surfaces contribute to light
transmission and aesthetic transparency (URL-27).
Material ALUMINUM (Powder)
-Material Composition: Aluminum powder represents a finely particulate form of
Material aluminum metal (URL-28).
Properties -Material Properties: Aluminum is a low-density, lightweight, durable metal with

resistance to oxidation (URL-28).

General Use

-Industrial Applications: Aluminum powder is utilized in a variety of industrial and
commercial applications, including additive manufacturing (3D metal printing),
powder metallurgy, coatings, paint production, and rocket propellants (URL-28).

3D Printing
Technology

SLS
(Selective Laser Sintering)
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Design: Cool Brick
Designer: Virginia San Fratello & Ronald Rael, 2015

Design

Prototype/

Design

Concept
-Design Inspiration: Cool Brick was inspired by the Muscatese Evaporative Cooling
Window, which combines wooden shutters with ceramic vessels filled with water to
provide passive indoor cooling in desert environments (URL-29).
-Function: Porous ceramic bricks, which can be used as partitions or curtain walls
in interior, absorb water and enable passive cooling through evaporation (URL-29).
-Modular Production: The bricks were produced as a modular system through 3D
printing (URL-29).
-Working Mechanism: The 3D-printed bricks are joined with mortar; as air passes
through the bricks, the water within the ceramic’s micro-pores evaporates, thereby
lowering the indoor temperature (URL-29).

Material CERAMIC
-Production Method: Ceramic-based models are manufactured using alumina—silica
powder, with their surfaces coated in porcelain and silica layers (Saad, 2016).
. -Aesthetics and Safety: A lead-free and non-toxic glaze applied after production
Material
. ensures both surface gloss and user safety (Saad, 2016).
Properties

-Heat Resistance: Depending on the composition of the clay, ceramic materials can
be fired at temperatures ranging between 800°C and 4215°C, providing high thermal
resistance (Yildirim, 2021).

- Ceramics are widely used in building materials (bricks, roof tiles, tiles, ceramic
slabs), household items (porcelain plates, cups, decorative objects, and vases), and
in the production of glass and porcelain products. Additionally, they are employed
in advanced technological applications within biomedical, electronics, energy, and
defense industries (Yildirim, 2021).

General Use

3D Printing

Technology LOM (Laminated Object Manufacturing)

Copyright © 2025 by ISRES Publishing I



The Interaction of Design, Material and Production Methods in Three-Dimensional Printing

Technologies: An Analysis of Furniture and Interior Design Elements

Design
Prototype/
Design
Concept

Design: Glass I & Glass II (2017-2018)
Designer: Neri OXMAN & Mediated Matter Group

-Exhibition and Installation: At the Lexus Yet exhibition during the Milan Salone
del Mobile, the scalability of the Glass 3D Printing IT (G3DP2) technology, developed
by the Mediated Matter Group at the MIT Media Lab, was showcased. The system
presents a material processing method applicable from desktop scale to architectural
scale and potentially to the construction industry (URL-30).

- Technological Advancement: Building upon the first-generation printer design
developed in 2015, the G3DP2 system was introduced. The new platform offers a
production area four times larger and the capability to process up to 30 kg of molten
glass in a single print. Its integrated thermal control system preserves structural
integrity during annealing and printing, while four-axis motion control enables
geometric precision and the production of complex glass forms with variable
extrusion thicknesses (URL-30, URL-31).

-Architectural Forms: The installation includes light-dynamic columns composed
of modular glass units, each 20 cm in height, stacked to form three columns
approximately 3 meters tall. The columns exhibit continuously shifting geometries,
with multiple lobe profiles that organically transition toward the base (URL-30,
URL-31).

- Structural and Aesthetic Features: Structurally, the columns function similarly
to the columns of a multi-story building. The varied geometric profiles of each
layer generate caustic light patterns through programmable LED illumination. Dark
mirrored surfaces further enhance the visual effect, creating an illusion of infinity and
light integration within the spatial environment (URL-30, URL-31).

Material

GLASS

Material
Properties

Potential: Glass-based materials hold significant potential in additive manufacturing
due to their hardness, optical performance, economic accessibility, and widespread
availability. However, existing studies on glass additive manufacturing remain
limited. To date, two primary technologies have been applied, each with inherent
disadvantages. In particular, the high melting temperature and viscosity of glass
have led to the development of the binder jetting method. Although sintered glass
objects produced through this approach are commercially available, they exhibit high
brittleness and insufficient densification, resulting in low light transmittance and an
opaque appearance (Klein, 2015).

General Use

-Application Areas: Glass materials are utilized in architecture and construction,
furniture and interior design, optical and electronic applications, healthcare and
laboratory equipment, the packaging industry, as well as in art and design (Belis et
al., 2019; Demirci & Akgay, 2023; Wiederhorn & Clarke, 2022).

3D Printing
Technology

G3DP (Nozzle Extrusion)
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Conclusion

Developments in technology-based modern design and production methods have created
a significant transformation in interior design elements and furniture applications. In this
context, 3D printing technology has become one of the increasingly prominent methods
in the field of furniture and interior design, thanks to the facilities it provides in production
processes. This technology not only increases efficiency in production processes but
also provides designers and interior architects with the opportunity to realize more
original, personalized forms that are difficult to produce with traditional methods. These
developments offer notable improvements in terms of both speed and quality, as well as
productivity. The fact that many designers have preferred this method in recent years
can be considered a strong indicator of the transition from mass production to a personal
production model. Thus, thanks to 3D printing, designers have the opportunity to realize
their products with a unique production process in their own workshops. The increasing
widespread use of 3D printing technology in the production of interior design elements
and furniture will continue to allow for the development of innovative and sustainable

solutions in terms of aesthetics and functionality.

This study, conducted using the descriptive analysis method, examined the materials
used in 3D printing technologies, the applications of these materials in furniture and
interior design elements, and the effects of the aforementioned smart technology on
design. Furthermore, the effects of various products used with 3D printing in the field
of interior design and furniture on designers worldwide were also evaluated within this

framework. As a result of all these examinations, the evaluations are as follows:

e Product development is possible in the design process thanks to 3D printing

technology.

e 3D printing technology offers design freedom to designers by providing the

opportunity for creativity and original design development.

e 3D printing technology continues to increase the creative potential of designers

by offering new production methods in furniture manufacturing.

e [t allows for the production of complex and detailed designs that are difficult to

produce with traditional methods.

e [t enables the transfer and application of natural forms and structural orders into

the design process.
e [t allows for the application of the parametric design approach.

e Personalization is prioritized in 3D printing methods. It is predicted that the
demand for personalized products will increase over time due to the monotony

of mass production, and in line with this, the use of 3D printing technology is
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expected to become widespread.

e Time management in the design process is optimized through modeling and
prototyping.

e 3D printing in the production of interior design elements and furniture has high
potential for rapid prototyping, especially in the production of detailed products,
and provides benefits in terms of design flexibility and the reduction of production
risks. Furthermore, 3D printing technology provides significant time and cost

advantages in scaled prototype production, especially for system solutions.

e The use of recycled or local materials through 3D printing in the production
of interior design elements and furniture plays an important role in achieving
sustainable production and consumption balances. In this context, material waste

is observed to be almost completely eliminated in the 3D printing process.

e Changing color, design, and other personalization options does not create an

additional cost during the printing process.

e Interms of production speed, 3D printing methods are relatively slower compared

to mass production techniques and thus require further development.

e Since production can be performed locally with 3D printing technologies, the

need for global logistics of raw materials and products is significantly reduced.

e 3D printing technology will significantly transform the habits of designers,
manufacturers, and consumers by increasing production speed and will reshape

the way furniture is purchased.

e It will be possible for consumers to quickly have products such as chairs, tables,

and accessories produced in local 3D printing workshops.
e Itshould be noted that 3D printing technology is limited to certain material types.

e The advantages and disadvantages of each material to be used with 3D printing
technology should be investigated. Furthermore, the type of objects to be printed
and the functional requirements these objects will meet should be taken into

account.

e FEach design should be analyzed in terms of the mechanical properties of the

materials before being offered for sale.

e Although 3D printing technology causes significant transformations in the
furniture industry, it is not expected to completely eliminate traditional production
methods. Designers and manufacturers will continue to use 3D printing by

integrating it with their traditional production capabilities.

Based on the results of this study, in the context of the development of 3D printing
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technology, it is recommended that further research should be conducted on expanding
material diversity, production using hybrid materials, and increasing production
speed. Furthermore, it is foreseen that 3D printing technology will offer an innovative
perspective, primarily to designers, but also to educators, students, and professional

sector employees, and will form a dataset or reference plane for other scientific studies.
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Introduction

Following the Stone Age, the discovery of metals led to the development of processing
methods. For the people of that era, who subsisted on hunting, metals used particularly
in weapon production gained significant importance. After the discovery of gold, copper,
silver, lead, and tin, iron was discovered around 1500 BC. Subsequently, many different
types of metals, such as chromium, aluminium, and nickel, were discovered. As history
progressed, the smelting of iron was discovered and used in the manufacture of tools and
weapons. In the Bronze Age, the foundations of alloying were laid, and it was discovered
that two different metals could be mixed to obtain a stronger metal.

With the technology that developed after the Industrial Revolution, steel was added to
iron, which had been used since ancient times, forming the basis of industry. With this
development, production techniques also changed. Welding, which enables two materials
to be joined together in a strong manner, has also gained great importance in heavy
industry. Known as blacksmithing in ancient times, this method has been developed

using different techniques with the discovery of steel and other materials.

Welding, one of the most important production methods used in industry, involves
melting and joining multiple materials using different techniques. Starting with joining
by hammer blows, welded manufacturing was further developed with the discovery of
sources such as oxygen and electricity. Applications were made using oxyacetylene,
electric arc welding, TIG, GMAW (MIG and MAG welding) methods, respectively.

With advancing technology, many different welding techniques have been developed,
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such as submerged arc welding, resistance welding, and laser welding.

Due to the widespread use of steel as a raw material in industry, MIG/MAG welding
applications are particularly prevalent. In many sectors, such as automotive and
construction, the MAG welding method is preferred due to its cost and good welded
joints in terms of mechanical and chemical properties. Since the effect of shielding gas
is very high in this welding method, it has been the subject of many scientific studies.
Argon-rich carbon dioxide and oxygen additives are particularly preferred for their high-

quality weld seam, economy, and availability.

In addition to structural steels such as S235 and S355, which have a wide range of
uses, the use of high-strength SSAB brand Strenx lightweight structural steels has also
become widespread. They are particularly preferred in the automotive industry because
they can carry more load than other steels of the same weight. Companies that choose
these steels due to the expectation that load-bearing transport vehicles in Europe should

be lighter are also achieving significant financial gains in exports.

In the automotive sector, the welded combination of S7T00MC and S355JR steel is a
common application in trailer and body manufacturing. Deformations in the material
are likely when incorrect application techniques are used. Experimental research was
conducted in this thesis to understand the weld structure and mechanical properties of

these products, which carry very high tonnages.

In this study, S355JR structural steel and S7T00MC fine-grained structural steel, which
are widely used in industry, were welded using the MAG welding method, using SG2
welding wire with a diameter of 1.2 mm and protective gases of 86%Ar+12%CO,+2%0,
and 93%Ar+5%CO0,+2%0,. The welded areas of the steels, the grain structure changes

in the HAZ and parent metal, and the mechanical properties were examined.

Welding Methods
Welding is defined as metal or plastic welding, depending on the type of material to be
applied. If heat input is involved in the applied method, it is fusion welding, and in some
applications of this method, a filler metal is used to join the two materials. If welding is
performed under pressure, it is called pressure welding. In pressure welding, the material

is heated and joined under pressure in the area without the use of any filler metal.

When classified according to the purpose of welding, it is defined as joining and filling
welding; it is classified according to the type of material as metal and plastic welding.
The method used to join multiple materials into an inseparable whole is called joining
welding. while the method used to fill a gap in a part or to enlarge a part is called filling
welding (Anik, 1991).
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Gas Metal Arc Welding (GMAW)
In gas metal arc welding, which is performed with a consumable electrode, a shielding
gas is used to protect the weld pool from the adverse effects of the air. If the welding
gas used is inert, it is called MIG (Metal Inert Gas) welding, and if it is active, it is
called MAG (Metal Active Gas) welding (Kog, 2009). During welding, the welding gas
passes through the welding torch over the wire and covers the weld pool. In this welding
method, the arc is established between the welding wire and the contact nozzle and is

transferred to the workpiece via the wire.

Argon and helium gases are commonly used as inert gases in MIG welding. In MAG
welding, mixtures of gases consisting of carbon dioxide or inert gases mixed with carbon
dioxide in specific proportions are used as active gases. In this method, depending on
the intended use, electrodes can be made into cored wires by feeding them with various
minerals to obtain a more efficient and higher-quality weld. The equipment and hardware
used in MIG and MAG welding are identical; only the gas and electrode used differ.
MIG welding is a suitable method for unalloyed and low-alloy steels. MAG welding can

also be used for welding aluminium, copper, nickel, and titanium alloys (Toprak Senol,

2020).
Figure 1
Principle of GMAW (Antonini, 2014)
Shielding gas
Nozzle
Molten weld metal
Electrode

Solidified weld

metal
Principle of GMAW

In the GMAW method, a continuously fed consumable electrode is used together with a
shielding gas. In semi-automatic welding machines, the free wire length and electrical
characteristics of the arc set by the welder are automatically determined; the welder only

controls the position of the welding torch and the feed rate.

The arc, which is created by the contact of the wire fed through the torch with the part,
passes through an ionized gas with the electric current and melts with the heat generated.
The energy generated by the movement of electrons travelling rapidly from the cathode

to the anode releases heat, and the material in the heated area begins to melt. Atoms
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that lose electrons become ionised and rapidly move towards the cathode. As a result,
melting also occurs in that heated area. Melting continues in this manner continuously
(Figure 1). The metal and wire being welded melt with the heat created by this welding.
The molten wire, protected by shielding gas, fills the weld pool, which is also protected
by the gas, as filler metal. After the arc is extinguished in the fusion zone, the weld metal
solidifies (S1ik, 2002).

As shown in Figure 2, in GMAW, the transfer of metal droplets to the weld metal occurs

through three different mechanisms:
e Short-circuit transfer

e Large droplet transfer (Globular Transfer)

e Spray transfer
The droplet transfer type varies depending on many parameters, such as the type of
shielding gas, the properties of the welding wire, the free wire length, and the type and
intensity of the welding current (Erytirek, Seviik, & Odabas, 2007).

Figure 2
Droplet Transfer Mechanisms (‘Morrow Welding’, n.d.)

YWYy

Short Circuit Globular Spray. Pulse
Transfer Transfer Transfer Tansfer

A short circuit transfer occurs in gas shielded welding performed at very low currents
with low electrode diameters. Metal transfer to the workpiece does not occur in the arc
gap; it only occurs when the electrode contacts the weld pool. In short-circuit transfer,
the chemical composition of the shielding gas significantly affects the metal droplet
diameter, arc characteristics, penetration into the workpiece, and short-circuit duration.
Carbon dioxide provides deeper penetration than noble gases but causes more spatter. To
achieve this balance, a mixture of carbon dioxide and argon is generally preferred. An
argon-helium mixture also provides good penetration in metals other than iron. In large
droplet transfer, the metal droplet diameter is larger than the electrode diameter. Large
droplet transfer, where the type of shielding gas is not decisive, occurs at low welding
currents with direct current and positive electrode polarity. It occurs at all welding currents
when performed only with carbon dioxide and helium gases. In welds performed entirely
with inert gas shielding, a globular transfer can be achieved at a current value slightly
higher than the short circuit transfer current. Spray transfer can be achieved without
spattering under argon gas shielding, with the electrode positively polarised in direct

current, and when the current intensity is higher than the critical transition current value.
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Metal transfer occurs when droplets smaller than the electrode diameter separate at a
transfer rate of hundreds of droplets per second. The melting temperature and chemical
composition of the shielding gas affect the transition current. Furthermore, the transition
current is inversely proportional to the electrode diameter and free wire length. When
spray transfer is performed under argon gas shielding, it can be used with almost all alloy
metals (Erytirek et al., 2007).

GMAW Welding Equipment

The equipment used in gas shielded welding is divided into five main groups: the power
unit, the shielding gas unit, the electrode feed unit, the welding torch, and the cable
assembly (Figure 3). Gas shielded arc welding equipment has a more complex structure
than electric arc welding equipment (Kiipeli, 2008).

Figure 3
GMAW Equipment (Stephanie Oostman, 2021)

Gas Pressure
=— Regulator

Shielding

Electrodes (Welding Wires)

The wire-form electrodes used in GMAW are wound onto spools that meet specific
standards (Durmusoglu, 2006). Electrodes are generally grouped according to their
chemical composition and mechanical properties based on AWS standards, which are
commonly used in the United States. According to German DIN standards, classification
is based on wire diameter, surface tolerances and conditions, chemical composition, and
application areas. The chemical compositions of electrodes used in the welding of steels
commonly preferred in industry, according to DIN 8559 and TS 5618, are given in Table
1. Electrodes should be free of surface defects such as burrs, pits, and foreign matter

that could impede their progression during welding; their surfaces should be completely
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smooth (Gegmen, 2006).

Table 1
Chemical Composition of Some Electrodes Used in Welding Steels (Gegmen, 2006)
Symbol | Mat. No C Si Mn E i C<u Impurity
Lo Cr0.15
SG1 | 15112 | 0.07-0.12 [ 0.5-0.7 | 5 |0.025|0.025| 030 V 0.05
13- Zr+Ti 0.15
SG2 15125 | 0.07-0.14 | 0.7-1.0 16 0.02510.025| 0.30 A10.02
0.8- 1.6- Ni0.15
SG3 15130 | 0.07-0.14 1.20 19 0.025 10.030 | 0.30
Mo 0.15

The selection of consumable electrodes used in GMAW is crucial because the combination
with the shielding gas affects the physical and chemical properties of the weld metal. The
physical and mechanical properties of the weld metal and its chemical composition are
selected according to the type of shielding gas. This selection is facilitated by knowing
the effect of the components in the structure of the electrodes used in welding steels
on the weld. These components are carbon, silicon, manganese, aluminium, titanium,

zirconium, nickel, chromium, and molybdenum elements (Durmusoglu, 2006).

Shielding Gases

In MIG welding, inert gases such as argon and helium, which do not react, are used, while
in MAG welding, active or active-inert gas mixtures such as carbon dioxide are used. The
primary purpose of the shielding gases used in GMAW is to protect the weld pool and the
area affected by heat from contamination and oxidation caused by the atmosphere. The
molten metals in the weld pool absorb oxygen and nitrogen from the atmosphere, and
these gases dissolve within the metal. The shielding gases can prevent these dissolved
elements from forming compounds with the alloying elements in the metal and disrupting
its chemical and physical structure, causing brittleness through the formation of pores
and cracks. In addition, shielding gases affect welding characteristics such as welding
speed, metal transfer mode, penetration and bead geometry, arc characteristics, and burn-
off. The protective gases to be used are selected based on criteria such as part thickness,
desired weld geometry, and mechanical properties, chemical composition of the base
metal, cost and availability, and welding speed (Durmusoglu, 2006).

Weld Structure
A welded composite obtained by gas metal arc welding consists of the base metal, the
weld metal formed by the mixture of the base metal and the filler metal, and the heat-

affected zone (HAZ) (Figure 4). In fusion arc welding, the mixture in the weld zone is
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complete and homogeneous. The amount of heat provided by the weld and the metal’s
ability to conduct this heat, as well as the weld speed, cause the width of the HAZ to vary
(Karakog, 2012).

Figure 4
Heat-affected Zone (HAZ) (Tukahirwa & Wandera, 2023)

Fusion zone

Heat-affected
zone(HAZ)
Unaffected
— base metal
zone

Weld
interface

The weld metal is the region where the metal completely melts and then solidifies again
during the welding process. The heat-affected zone (HAZ) is the non-melted region with
different properties from the base metal due to the effect of the welding heat (Tukahirwa
& Wandera, 2023).

Material and Methods
In this study, 4 mm thick S7T00MC and S355JR structural steels were used. Metal
pieces measuring 200x200 mm were cut from sheet metal using plasma. The chemical
compositions of S355JR2 are given in Table 2, and those of ST00MC are given in Table
3.

Table 2
Chemical Composition of S355JR Structural Steel (%) (Dikeg, 2023)

C Si Mn P S Al Cu Cr N Mo Ni

0,186 | 0,13 1,426 | 0,011 | 0,008 | 0,036 | 0,121 | 0,042 | 0,0082 | 0,0002 | 0,059

Table 3
Chemical Composition of S7T00MC Structural Steel (%) (SSAB, 2023)
C Si Mn P S Al Nb \% Ti
0,12 0,21 2,1 0,02 0,01 0,015 0,09 0,2 0,15

Of the steels whose mechanical properties are given in Table 4, ST00MC steel has a
stronger and harder structure than S355JR due to its fine-grained structure. Despite its
high resistance under load, it is a very light steel. For this reason, it is widely preferred,

especially in the automotive industry.
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Table 4
Mechanical Properties of S355JR and S700MC Structural Steels (ChnCelik, 2023)
Steel Yield Strength (MPa) Tensile Strength (MPa) | Elongation (%)
S355JR 355 470-630 22
S700MC 700 750-950 12

As O, gas was used during the cutting of the 200x200x4 mm metal parts, no further
processing was required. Due to the low thickness of the parts to be butt welded, there
was no need to open the weld joint. The parts were welded using 1.2 mm SG2 welding
wire, which belongs to the ER70S-6 product group according to the AWS standard,

under two different gas shields with composition ratios given in Table 5.

Table 5
Chemical Composition of HB205 ve HB212 (%)

o, Co, Ar
HB 205 2 5 93
HB 212 2 12 86

The welding parameters were automatically set by the Kolarc M500 synergic welding
machine by entering the material thickness of 4 mm, the type of welding gas, and the
electrode diameter, and MAG welding was performed. Accordingly, the welding current
intensity was set to approximately 200 A, the welding voltage to 20 V, and the wire feed
speed to 7 m/min. The protective gas flow rate, one of the most important parameters
determining the mechanical and chemical properties of the weld seam, was set to 12 m*/s
before starting the welding. The gas flow rate is theoretically calculated as 10 times the
electrode diameter. In addition, to ensure full gas protection, the tip of the water-cooled
torch is adjusted so that it does not lose its field of view and, when pulled perpendicular

to the surface, is at most 20° from the surface.

In accordance with the standard ISO 5178:2019 Destructive tests on welds in metallic
materials - Longitudinal tensile test on weld metal in fusion welded joints, two metal
butt welds measuring 200x200 mm were welded on both sides using a thin material that
was too thin to weld with the weld opening (Figure 5a). Welding was performed in the
PA (1G) position at a welding speed of 10 mm per second. Using a mixture of HB 205
and HB 212 gases, three samples each of 200x200 mm in size and 4 mm in thickness
were welded under the same welding parameters: S355JR-S355JR, S355JR-S700MC,
and S700MC-S700MC.
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Figure 5
Welded Steel Samples

The samples were cut from the welded metal to approximately 50x90 mm as shown in
Figure 5b. Due to the heat input, which would alter the properties of the material, the
samples were cut to large dimensions. The flex-cut samples were prepared for water jet
cutting for microstructure, microhardness, and XRD analysis. Small samples were cut to
fit into the bakelite so that they would cover the base metal, HAZ, and weld zone of the
material. Metal parts were placed in a moulding device together with two scales of Aka-
Resin Acrylic bakelite powder. Samples processed in this device at 190 °C temperature

and pressure for 15.5 minutes were ready for grinding.

For a clear image in microstructure examinations, the material’s surface must be
completely smooth, free of scratches and deformations. Therefore, the sample’s surface
was sanded using a sanding machine while submerged in water. The surface was
processed with 400, 800, and 1200 grit sandpaper until it was completely smooth. Before
each sanding, the surface of the sample was washed and cleaned with alcohol. As a final
step, the felt was changed on the same machine, and the sample was polished dry. The

polished samples were washed with soap, cleaned with alcohol, and dried.

Following metallographic studies conducted after the welding process, optical microscope
examinations were performed to examine the microstructure of the test specimens.
In particular, regarding the microstructural characterisation of the test specimens, the
phase structures and their distributions, the examination of grains and grain boundaries,
and the differences in the welding process in terms of HAZ and the base material were

investigated.

In terms of welded manufacturing, phase transformation differences are important,
particularly for the formation of the weld pool and HAZ region, within the scope of two
different welding metals and welding parameter variables used. In this context, XRD
analysis was performed to identify compounds that are likely to form depending on
two different steel materials and welding parameters. The XRD analysis results were
obtained using Cu-Ka radiation (A= 1.544 A) in the range of 10° <20 <70°, using a
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voltage of 40 kV and a current of 40 mA.

Microhardness measurements were performed to evaluate the hardness of the HAZ
and weld metal of the test specimens as a result of the applied MAG welding method,
depending on the difference in welding parameters. For these hardness measurements,
studies were carried out under HV1 load on a Vickers-scale microhardness device. The
microhardness measurement was automatically measured from the indentation mark left
on the sample surface after pressing the diamond pyramid tip onto the sample surface for
approximately 10 seconds with the load specified.

To perform the tensile test, the samples were designed in SolidWorks for cutting, as
shown in Figure 6a, in accordance with the jaw dimensions of the tensile testing machine
and the ISO 5178:2019 standard. In accordance with this standard, the laser method was
preferred for cutting the specimens to be tested. The tensile bars were cut to the specified
dimensions from each specimen, three pieces per specimen, as shown in Figure 6b, on

a laser cutting bench programmed according to the design.

Figure 6

Tensile Test Samples

T

q - 2100

The test parameters were entered into the computer control programme compatible with
the tensile testing machine, integrated with the ISO 6892-1 Metallic materials -Tensile
testing- Part 1: Test method at ambient temperature standard. These parameters were
set to a displacement speed of 5 mm/s and a loading speed of 0.2 kN/s, and the testing
machine was started. Under these parameters, tensile tests were performed in triplicate

for each sample, and the results obtained are given as average values.

Experimental Results
To describe the results obtained from the test specimens, the parts made of different

steels welded under different gas shielding were named as follows:
e S355JR-S355JR steel sample welded with HB 20 gas S1

e S700MC-S700MC steel welded with HB 205 gas — S2
e S355JR-S700MC steel welded with HB 205 gas sample — S3
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® S355JR-S355JR steel welded with HB 212 gas — S4
e S700MC-S700MC steel welded with HB 212 gas — S5
e S355JR-S700MC steel welded with HB 212 gas — — S6

The optical microstructure results obtained from the base metal, HAZ, and weld metal
regions of S355JR and S700MC steel materials welded using the MAG welding method

are shown in Figure 7, respectively.

Figure 7
Microstructural Analysis Results a)S1 b)S2 ¢)S3 d)S4 ¢)S5 f)S6

When examining the base metal of S355JR structural steel, it can be seen that the
material consists of ferrite and pearlite phases. Moving to the HAZ and weld zone, this
distinct structure is lost, and the grain size increases towards the weld metal. Coarse-
grained dendritic arms are observed in the weld metal zone. Experimental studies in
the literature indicate that grain growth in the weld metal zone is a result of increased
heat input. Furthermore, it was observed that this heat causes grain orientation in the
direction of flow (Kaya vd., 2020; Sik, 2007). Different composition ratios of the mixed
gas did not create a significant difference in the microstructure. In ST00MC steel, it was
observed that the grain size increased as it progressed towards the HAZ and weld metal.
As in S355JR steel, a dendritic structure was observed in the weld metal region. In these
metals, the difference in welding gas also had no significant effect on the microstructure.

A typical coarse-grained weld structure was also observed in the weld metal, which is
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the fusion zone of the S355JR and S700MC steel welds made using two different metals.

Grain coarsening from the base material towards the HAZ is a result of the welding
heat input. Similarly, in the weld metal, coarse dendritic arms forming from the base
material towards the centre of the weld metal also occur due to high heat input. In
S355JR steel, a more ductile and soft structure has also formed due to slow cooling
(Ayyildiz, 2022). In ST00MC steel, despite the same cooling rates, it is considered that
the original microstructure exhibits a martensitic structure. Consequently, following the
welding process, no significant microstructural change was observed due to heat input,

indicating that the martensitic and brittle structure was relatively preserved.

Figure 8
XRD Analysis Result
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The results obtained from XRD analysis conducted to determine phase and phase
transformations in the molten weld pool during the welding process of S355JR and
S700MC steel materials using the MAG welding method, particularly under the influence
of welding gas differences, were examined. The analysis revealed that the most intense
fundamental peak in all materials was the iron (Fe) phase. Another intense but smaller
peak can be seen to represent a small amount of iron phase. In materials of this type, the
presence of austenitic alloying elements such as nickel and chromium in the weld metal
indicates the presence of the iron phase (Gorka & Stano, 2018). It is generally stated that
in welded joints, the X-ray diffraction total intensity of iron and iron phases in terms of

lattice plane can be limited to a range of 3-6% residual austenite content in the structure.
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The combined XRD analysis results obtained in welded materials, depending on the
HB 212 and HB 205 mixture gas difference, are given in Figure 8. Upon examination
of the combined XRD analysis results, it can be stated that the microstructure of the
base materials and welded joints consists of a ferrite phase. Another factor contributing
to this situation is the use of the copper wavelength (1.544 A) due to the XRD analysis
device infrastructure used in the study. This is because the expected martensite structure
has a smaller lattice parameter than a ferrite, and thus the martensite peaks cannot be

displayed under the copper wavelength (Ekinci & Balalan, 2019).

When examining the microhardness results given in Table 6, considering that the
hardness value is thought to be a maximum of 380 HV in the literature (Gir, 2022), it was
determined that the obtained hardness values were below this value and consistent with
the literature. The hardness values obtained in the base material after welded fabrication
of S355JR materials were measured as 165-166 HV and 170-171 HV for HB 205 and
HB 212 gas differences, respectively. Similarly, when the hardness values obtained in
the S7T00MC base material were examined, they were measured as 305-310 HV and 304-
301 HV for HB 205 and HB 212 gas differences, respectively. It can be stated that the
hardness value of S7T00MC steel is higher than that of S355JR steel due to both the fine
grain structure of the material and, in particular, the superior mechanical properties of
this material and its high weldability (Cetin, 2019).

Looking at the microhardness measurement results according to the Vickers scale, an
increase in hardness values is observed in S355JR steel due to high heat input. Conversely,
in the more resistant S700 steel, a decrease in hardness is observed due to boron carbide

precipitation at the austenite grain boundaries caused by its rolled structure (Eski, 2001).

When S355JR steel is welded with HB 212 mixed gas, the HAZ and weld metal are
harder than when using HB 205 mixed gas. Based on this, it has been observed that
HB 205 mixed gas gives better results when welding S355JR steel, as a 4 mm thick
sheet metal is used. When looking at the weld of S7T00MC steel, in contrast to S355JR,
higher hardness values were obtained when welding with HB 205 gas in the HAZ and
weld metal. The increase in CO, content increased the heat input, causing a decrease in
hardness due to the material’s high hardness despite its low thickness. In this case, it was
seen that the HB 205 mixture gas was more suitable for welding S7T00MC steels with
each other and with S355JR steels.
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Table 6
Microhardness Results of Welded Steel Samples
Sample Name Base Metal HAZ Weld Metal HAZ Base Metal

S1 165 175 185 177 166
S4 170 208 239 201 171
S2 305 303 219 290 310
S5 304 298 198 261 301
S3 174 204 202 250 311
S6 177 222 209 223 312

Tensile tests were performed on three tensile bars from each sample, and the average
values were taken to examine the yield and tensile strengths and the percentage elongation
values. In addition to the test results obtained in the tensile test, the region where the
tensile bar broke is also very important for interpreting the results. For the tensile
specimens to be considered suitable, the fracture region must originate from the material
itself, not the welded region (Ozkan, 2019). When examining the samples obtained from
the welds of S355JR steel with each other and with S7T00MC steel, a ductile fracture
occurred appropriately on the S355JR material side. In the welds of ST00MC steel with
each other using both mixed gases, a fracture occurred inappropriately from the welded
region. According to the data from the experimental studies, boron carbide precipitation
causes a brittle structure at the grain boundaries, and the probability of intergranular
fracture is high in this region where precipitation occurs (Eski, 2001). This has revealed
the disadvantages of welding high-strength S7T00MC steel without preheating.

Figure 9
Tensile Test Results
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When examining the tensile test results of samples obtained from the source of S355JR
structural steel under HB 205 mixed gas, the average yield strength was found to be
355 MPa, the tensile strength was 500 MPa, and the elongation (percentage elongation)
was 36%. When examining the tensile test results of S355JR structural steel samples
obtained from the same source under HB 212 mixed gas, the average yield strength was
found to be 300 MPa, the tensile strength was 450 MPa, and the elongation (percentage
elongation) was 31.5% (Figure 9a). The S355JR steel exhibited performance above the
percentage elongation values given in the material certificate. The yield stress, tensile
stress, and strain values of the tensile bars welded with HB212 mixed gas were also low
when compared to the samples welded with HB205 mixed gas, and consequently, a more
brittle structure was observed. The high CO2 content in the HB212 mixture gas increased
the hardness of the thin sheet metal structure, resulting in a more brittle material. The
average yield strength of samples obtained from S355JR and S700MC structural steel
welded with HB205 mixture gas was found to be 350 MPa, tensile strength 490 MPa,
and elongation 27%. When looking at the values obtained from rods welded with HB212
mixed gas, they are relatively lower; the yield strength is 270 MPa, the tensile strength
is 450 MPa, and the elongation is 24.7% (Figure 9b).

It was observed that lower values were obtained when S700MC structural steel was
welded with HB212 mixed gas, as was the case with other samples. The yield and tensile
stresses and elongation values of the tensile bars welded with HB205 were 700 MPa, 740
MPa, and 15%, respectively, while those of the samples welded with HB212 were 610
MPa, 640 MPa, and 7.3% (Figure 9¢). Considering the requirements that the weld of
the HB212 welded specimens must have a yield strength of 700 MPa, a tensile strength
of 750-949 MPa, and a minimum elongation of 12%, as specified in the TS EN 10149-2
standard for ST00MC steels, it was found that the weld was not suitable (Ulasti, 2018).
Although the test results of the specimens welded with HB205 fell within these values,

their welds were found to be unsuitable due to fracture zones.

Conclusion

e [t was observed that the chemical composition ratio of the gas used did not affect
the grain size.

e [t was observed that grain sizes increased in the HAZ and welded regions, and
the equiaxed grain structure transformed into dendritic branches.

e Relatively lower hardness values were obtained in sample S1 compared to sample
S4. Lower hardness values were obtained in sample S5 compared to sample S2.

e The hardness values of samples S3 and S6 are almost identical.

e [t was observed that the hardness values of both metals in the HAZ and weld
metal did not exceed the maximum hardness values required.

e Upon examining the XRD analysis results, it was determined that the most
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intense fundamental peak in the phase analysis of all materials exhibited the iron
(Fe) phase.

e Inthe XRD analysis, it can be stated that the microstructure of the main materials
and welded joints consists of a ferrite phase.

e Although residual stresses are high after welding due to the high cooling rate
caused by the thin material thickness, S355JR steel welded with HB205 mixed
gas has good mechanical properties. The elongation and tensile strength meet the
values specified in the material certificate. The high CO, content in the HB212
mixed gas resulted in a more brittle structure, reducing ductility.

e Although S700MC steel yielded better results in the HB205 mixed gas test,
examination of the fracture zone revealed brittle fracture at the welded area. This
demonstrates the necessity of heat treatment.

e Although the S355JR and S700MC combination has relatively better mechanical
properties than the combination of S700MC steels, it has low mechanical
properties. In the tensile test, the fracture occurred in the S355JR steel, which

has a lower strength value.
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Introduction
The biggest obstacle to technological development has been the failure of materials
science to keep pace with technological developments. In other words, materials science
is the foundation of technological developments. Advances and discoveries in materials

science have always led to technological developments throughout history.

Given the importance of technology today, materials science is important at least as
a technological innovation. For this reason, materials science has created sub-sectors
that represent different industries within itself. Examples of these sub-sectors include
metals, non-metals, chemicals, organic and inorganic materials, polymers, etc.
However, composites are the most important of these sub-sectors in modern technology.
Composites first emerged as a new field of materials science during World War II. Since
then, composites have found widespread application in technology and are materials that
are frequently used in leading industries such as aerospace, automotive, and textiles, and

continue to evolve to meet the demands of these applications.

In general, composites are materials with the highest properties formed by combining
two or more substances with different chemical and physical properties at the macro
level. When designing parts made from composite materials, it is necessary to know
where the part will be used and what the specific needs of the application are. During the
planning stage, factors such as raw material properties, environmental conditions, and
production methods must be evaluated along with cost. One of the greatest challenges in
composite material design is that composite materials do not exhibit isotropic properties.

Therefore, the person producing the structure must calculate how much load will be
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applied to each part of the composite material and how much strength will be required,

and position the fibers accordingly.

The matrix material prevents the propagation of cracks that may occur during plastic
deformation and prevents damage to the composite material. Another purpose of the
matrix material is to hold the fibrous material together under load and distribute the load
evenly among the fibers. Thus, when forces causing plastic deformation of the fibrous
material are applied, the propagation time of a crack that may occur will be extended.
Various metal alloys can be used as the matrix, but resin matrices are more commonly

used.

For a produced material to meet the definition of a composite material, it must possess

certain properties. These include:

It must be produced using various methods. (Excluding composite structures such as

bone, naturally occurring wood, etc.)

It must be formed by the combination of two or more materials with physically or

chemically different properties.
It must achieve mechanical properties that cannot be obtained with a single component.

In this study, Atagilin and colleagues addressed the detailed design of a filament winding
machine, the design of composite pressure pipes, and the numerical analysis of their
structural performance. The geometry of the pipe dome plays an important role in
determining the performance of the structure. Therefore, the continuity theorem and
mesh analysis methods were used to achieve the optimal dome geometry in the design.
The optimal dome geometry was obtained using equations based on the radar radius,
and the geometry of the resulting pipe was finalized. Various structural and modeling
analyses were performed on the pipe geometry obtained during the study to determine
the structural behavior and limits of the pipes. Since the burst pressure value, which
is important for pipes, is related to the degree of detail of the dome geometry, there
should be no structural deformation of the pipe from the side of the dome (rib). Any
damage to the tip of the nozzle could cause the tube to rocket away under excessive
internal pressure. Therefore, in designs, it is expected that the cylindrical region will

bend outward beyond the limit load of the composite pressure tubes (Atagiin, 2017).

Composite materials were examined within the scope of this project. When manufacturing
a material using composites, there are many variables, such as resin and fiber, each with
its own unique properties. However, the final product depends not only on the properties
of these two variables but also on how the composite is manufactured, which greatly

affects the final properties of the material. In this study, a fiber winding technique called
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filament winding was used as a method for making composites. This method is used
in many fields, from aviation to the military, as it enables the production of strong and
lightweight parts. In this thesis study, research was conducted in the field of pressure vessel
applications, one of the areas where composite materials obtained by fiber adsorption are
used. Models of high-pressure vessels with composite structures produced using fiber

production technology under various loads were examined (Pehlivan, 2017).

This study examines pressure vessels, which are used in many fields today and exhibit
different performance under changes in temperature and pressure. Pressure vessels differ
depending on the type of material they are made of, particularly due to their physical
properties. While analyzing the behavior of structures whose material properties are
temperature-dependent under various loads, the experimental results were validated by
applying hydrostatic pressure tests to pressure vessels under internal pressure. Since
pressure vessels may pose potential hazards that could affect human health and safety,
any issues that may arise before use must be identified and addressed. This requires a
comprehensive and detailed analysis of the pressure vessel design, accurately defining
and considering all loads that could affect the system in calculations. Therefore, the
solution of the theoretical approach for a cylindrical pressure vessel subjected to an
axially symmetric load was compared with the displacements and pressures obtained
from the Von-Mises stress analysis in SolidWorks software. The “COSMOXpress
Analysis Wizard” computer program was used to perform the analysis using the finite
element method (Mestan, 2010).

In another study, a pressure vessel design was created using steel-lined and glass fiber-
reinforced epoxy resin material wrapped in circumferential and tangential composite
material. Compressed natural gas storage tanks were used as a reference when designing
these pressure vessels. Axial and circumferential deformations occurring on the vessel
wall at different pressure values were investigated. Additionally, the results from the
prototype were compared with real-world results and analysis results from a virtual

environment (J., 2009).

In another academic study, a tank to be used in a satellite response system was designed
and analyzed in a virtual environment. While designing this tank, it was desired to be
lighter than metal tanks of the same volume. The design model consists of composite
layers wrapped in aluminum foil. Before using thick-walled cylinders, the process of
relieving residual stress in the wall is called autoclaving. This eliminates some of the
stress under high pressure. As a result, the pressure-bearing capacity of pressure vessels
increases. Autoclaving can be performed mechanically or hydraulically. Hydraulic
autofrettage is more costly than mechanical autofrettage. Numerical values were
determined by conducting strain and stress analyses of the parts forming the composite-

wrapped pressure vessel, identifying the optimal angle for the wrap, autofrettage,
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vibration, and model fiber analyses, and fatigue analyses of potential damage to the
aluminum liner. The Ta-sai-Wu, Hashin, and Tsai-Hill criteria were used to determine
these damages (Cetin, 2014).

Another study aimed to determine the burst pressure of cylinders exposed to environmental
stresses during operation. In this study, HY 225 hardener was mixed with CY 225 epoxy
and wound at an orientation angle of 55°. Repeated and single impacts were applied to
hollow composite cylinders filled with water at different temperatures. In addition to
the impact test, a static pressure test was also conducted. As a result, it was observed
that the explosion pressure decreased as the impact energy and temperature increased.
The number of repetitions did not affect this result. Finite element analyses were also

conducted on samples that were not subjected to impact (ilki et al., 2008).

In another study, stress analyses under pressure were evaluated for two different steels in
thin-walled pressure vessels. Designs were created using finite element software. Three-
dimensional models were examined in two different ways. The explosion pressures
were determined using maximum stress criteria on the damaged areas of the vessel.
The damage results were evaluated using Von-Mises criteria. The importance of design
effects in thin-walled pressure vessels was observed in the finite element analysis. It was
determined that the explosion pressure was higher in the analysis than in the analytical
results (Eruslu, 2008).

Another study aimed to investigate the fatigue behavior of filament-wrapped pipes
under pressure. The wrapped pipes were obtained from four layers using a £75° helical
wrapping method with glass fiber and epoxy. The tests were conducted at a frequency
of 0.42 Hz, a stress ratio of R:0.05, and in accordance with the ASTM D-2992 standard.
Leakage and fracture tests were performed, and strength-time graphs were created based

on the results of damage progression (Gemi et al., 2009).

Inanother study, the strength of composite pressure vessels for different layer arrangements
was examined in real and virtual environments. As a result, it was determined that the
first layer was the most significant factor in the damage to the pressure vessel. Graphite
fiber and epoxy pressure vessels were used in this study. When examining the results, it
was observed that the first layer burst pressure in analytical analyses was significantly
higher than in real-world conditions. In real-world experiments, the value was lower. As
a result, it was determined that the first-layer damage theory is an important theory for
design (Khanna & W. P. Kuhn, 1997).

In another study, the stresses and deformations occurring in the wall of a composite-
wrapped pressure tank with a metal liner under internal pressure were calculated for
different layer arrangements. This study also used different composite materials. In

addition, analytical studies were compared with real studies. The analyses utilized
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Tsai-Wu damage criteria. According to the analyses, reducing the helical winding
angle positively affects the burst pressure. The burst pressure values in the real-world
experiments and analytical studies are similar. In the analytical studies, work was
conducted on the cylindrical part of the pressurized container. In the real-world studies,
two 6-liter prototypes made of Kevlar 49 fiber, epoxy, and carbon fiber, epoxy-coated
metal were used (LD Landau et al., 1975).

In his academic work, the explosion pressures of composites produced with glass fiber
and epoxy resin in anti-symmetrical and symmetrical layers with thin walls at different
angles were examined, and as a result, the most suitable angle was evaluated. In other
words, the effects of filament winding angles on composite pipes were evaluated. S.G.
Lekhnitskii’s theory was used as a numerical solution method to determine the damage
condition in the container. The effects of different angles under the same temperature
were calculated using this theory. The Tsai-Wu damage criterion was used for damage
control. The results of this study showed that the optimal winding angle for composite
pipes produced using the helical winding method was approximately 55°, while for pipes
produced using the single-angle winding method, it was approximately 90° (Onder et al.,
2009).

In another study, a stress analysis method was developed for thick- and thin-walled
multilayer composite cylinders under hydrothermal stresses. The layers were designed
to be anti-symmetric and symmetric at different angles. During the analysis, the plane
stress condition and the boundary condition of open or closed pipe ends were evaluated.
Parabolic and uniform temperature distributions were preferred for heat loads. All
integration values were obtained from normal directional deformations and radial
stresses. In addition to hydrothermal properties, other mechanical properties were also
found on a glass fiber epoxy composite. It was observed that the finite element solutions
obtained from the analysis were consistent with the analytical results (Sayman et al.,
2011).

In his study, he examined the increase in strength by creating pressure within the
material or by selecting materials to increase strength. The main objective is to evaluate
the increase in strength by creating pressure cells within the designed product. In the
study, pressurized air was placed inside cylindrical aluminum tubes with thin walls, and
different strength and stress tests were performed. In these studies, a finite element analysis
program was used for analytical calculations. The results obtained were compared with
each other. It was determined that the results were consistent. Subsequently, studies and
analyses were conducted using the finite element method on real models to prove their
applicability in real life (Yildirim, 2012).
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Materials And Methods

Properties of Carbon Fiber

The density of carbon fibers varies depending on the processing temperature and raw
material used in production. The densities of raw materials used in production range
from 1.6 g/cm?® to 2.2 g/cm’. After fiber production, there is a slight increase in density
depending on the raw material. The increase in the produced fibers varies depending on
the graphitization temperature.

The technical properties of the carbon fiber used in this study are given in the table

below;

Table 1

Technical specifications of 24 K-type carbon fiber rope

Features Unit Value

Fiber Type Carbon HT
Number of Filaments 24000
Linear Density Diex 1600
Sizing Ratio % 1,5
Elongation at Break % 1.5
Tensile Strength MPa 3950
Modulus of elasticity | GPa 238
Density g/cm’ 1,77
Diameter micron 7
Electrical Conductivity | Ohm*cm 1,6%10°
Carbon Ratio % 93
Coil Weight kg 4
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Figure 2
Carbon Fiber Rope 24K

Hexion brand LR160 epoxy resin and LH160 hardener are used together in a 4:1 ratio
as the matrix material. Detailed information about the matrix material is available in the

tables below.

Table 2

Resin LHI160 technical specifications
Density (g/cm?) 1,13-1,17
Viscosity (mPas) 700-900
Epoxy Equivalent (gr/equivalent) 166-182
Epoxy Value (equivalent/100gr) 0,55-0,60
Refractor Index 1,5480-1,5530
Flexural Strength (MPa) 110-140
Tensile Strength (MPa) 3.2-3.5
Compression strength (MPa) 80-100
Poisson Ratio 0,36

Table 3

Hardener Ih160 technical specifications
Density (g/cm?) 0,96-1,00
Viscosity (mPas) 10-50
Amine Value 550-650
Refractor Index 1,5200-1,5210

Carbon Nanotubes (CNTs)

Carbonnanotube polymer composites are the most important carbon nanotube composites.
Materials that provide electrical conductivity can be produced with carbon nanotube
polymer composites. When 5% carbon nanotubes are added to the produced material,
the electrical conductivity of the material is between 0.01 and 0.1 S (YAGLIKCI, 2012).
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In this study, multi-walled 10-20 nm 95% purity H carbon nanotubes were used. The
technical specifications of the nanotubes used are listed in Table 4.
Table 4

Technical properties of carbon nanotubes

0
e —
Outer diameter 10-20 nm

inner diameter 5-10nm

Length 10-30 pm

Surface area >200m*/g

Color black

Ash By mass<%1.5
Electrical conductivity >100S/cm
Gravity(Tap) 0.22g/cm?
Gravity(True) ~2,1g/cm?

Manufacture of Pressure Vessels

In this study, composite tubes were produced at different nanotube reinforcement ratios
using carbon fiber, epoxy, and carbon nanotube reinforcement with the filament winding
technique and the wet winding method at £55°. The carbon filament material used to
form the composite tube has a diameter of 17 pm, while the matrix materials used are
LR 160 Hexion resin, Hardener MGS LH160, and Multi-walled Carbon Nanotubes 10-
20 nm 95%.

Figure 3

Images of nanotube, resin, and hardener packaging are used
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Figure 4

Image of the pressurized container (liner) connected to the machine before winding

In this method and technique, carbon fibers passed through a resin pool were wound
at an angle of £55° onto plastic liners 30 cm long and 72 mm in diameter. Winding
was continued until the desired outer diameter of 94.7 mm was achieved. Using these
windings, three different samples with varying carbon nanotube reinforcement ratios
were produced. The matrix ratios of these samples are provided in Table 6. The produced
samples were subjected to surface finishing using a universal lathe to achieve an outer
diameter of 94 mm.

Figure 5
Surface finishing of the produced sample

After the surface finishing process, the test apparatus was prepared for the samples to
withstand internal pressure tests. To attach the samples to the test apparatus, threading
was performed using a universal lathe. Connection equipment was produced using a
universal lathe to connect the samples to the internal pressure test apparatus, and
threading was applied to the base of the threads to ensure sealing with the resin mixtures
used in the production of each sample. After securing, the curing time was waited for,
and the test fixtures were set up by applying leak-proof Teflon tape to the test fixture.
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Experimental Setup
The equipment used for the experimental setup is as follows:

Hydraulic Pump: An Anca ACP-01 manual oil pump was used to generate internal pressure for the purpose of examining surface shape changes under

internal pressure. The technical specifications of the oil pump are listed in Table 5.

Table 5§
Manual oil pump technical specifications
High low- low-
Available Tank oil pressure High-pressure | working | pressure | pressure | maximum | connection working
Pump Type Body . . . . . . . manometer
Model oil capacity | capacity flow piston diameter size flow piston arm force type pressure
rate(cm?) rate diameter
Single-acting
OAIC P- double speed | Al 0,5 0,7 0,8 7 21 10,3 25 29 3/8”-NPT gff ;1000 700 Bar

Datalogger: A D4 Micro-Measurements brand 4-channel digital data logger was used in the study. Data was recorded on a computer at a sampling rate

of 8 Hz via RJ-45 connectors and at intervals of 0.125 seconds via a USB interface.

Strain gauges; In this study, the m-Bond 200 strain gauge mounting adhesive kit was used. The m-Bond 200 kit consists of a cyanoacrylate strain
gauge adhesive that cures instantly at room temperature and a catalyst. The general-purpose adhesive properties commonly used in hot environmental

conditions are listed in Table 6.
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Table 6

General-purpose adhesive technical specifications

Maximum elongation (Strain in % at 5
75°F)

Lower temperature limit (FahrenheitH) -25
Minimum curing temperature 70
(FahrenheitH)

Container life 3 month
Shelf life I year
Upper temperature limit (Fahrenheit) 150

Badge: The CEA-06-062UR-120/P2 code badge product was used as a strain gauge in
the study.

The P2 model is designed to be added to CEA series strain gauges with pre-installed
main wires. No soldering is required during installation of the P2 model. The cables are
color-coded, straight, and three-conductor. They are also manufactured with a thickness
of 30 gauge (0.255 mm), vinyl-insulated multi-strand, and tin-plated copper solder.
Each conductor of the cables has a nominal resistance of 0.1 ohm/ft (0.35 ohm/m). The
temperature range for the connectors is —60° to +180°F (-=50° to +80°C).

Figure 6
CEA-06-062UR-120/P2 coded badge scheme

The experimental setup consists of a thin-walled cylindrical pressure vessel with a length
of 38 cm, a wall thickness of 0,32 cm, and a diameter of 11.5 cm. In addition, there is an
auxiliary system to increase the pressure of the thin-walled pressure vessel. The auxiliary

system uses a hydraulic hand pump to increase the pressure of the vessel.

Strain gauges are used to measure the strain values that will occur on the vessel wall due

to internal pressure. These strain gauges are attached to the outer surface of the vessel
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with special adhesives. The stresses that will occur in the axial and circumferential
directions are measured with the 1st and 3rd strain gauges, while the shear stress that
may occur on the cylinder wall is calculated with the values read from the 1.2. and 3rd

strain gauges.

The resistance values provided by the strain gauges will also be read using an auxiliary
device. Additionally, a manometer integrated into a hydraulic hand pump is used to

measure the pressure inside the vessel and to apply regular pressure increases.

The experiment aimed to determine and verify the axial and circumferential strain values
of thin-walled pressure vessels under internal pressure using strain gauges. The oil-filled
samples were connected to a manual hydraulic oil pump using a leak-proof band. Three
strain gauges were attached to each sample. During the experiment, resistance data were

measured at 0.125 ms intervals and recorded in real-time on a computer.

Research Findings And Discussion

The aim of the tests conducted on composite cylindrical pressure vessels was to develop
pressure vessel types. For this purpose, surface shape change tests were performed under
internal pressure. The variables in the study were carbon nanotubes in the composite

resin. The parameters covered in the study are shown in Table 7.

Table 7
Parameter charts
Parameter No Carbon nanotube/Resin ratio
1 0
2 %1
3 %3

Parameter 1, Stress Test Results of Carbon Nanotube-Free Pressurized Containers
Under Internal Pressure

Three pressure vessels made of carbon fiber wrapped with carbon-free resin were
produced, and as a result of the application under internal pressure, the tubes burst at an
average pressure of 45 bar. The experiments lasted an average of 24 minutes, and the data
were recorded on a computer using a data collection device every 0.125 seconds. During
the first 2-3 minutes of the experiments, a manual oil pump with its own mechanism
evacuated the air to create internal pressure. The samples were monitored for stress
sounds associated with internal pressure increases, and surface changes were observed
during the experiments. Since the experimental setup included a manual manometer,
pressure values were tracked manually, and the final values of the samples before rupture

were recorded. Figure 6 and 7.
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Figure 6

Experimental setup

Figure 7

Parameter 1 screenshot with instant results

Figure 8 shows the stress-strain ratio graph for the carbon nanotube-free composite
cylindrical pressure vessel. The maximum pressure resistance of the samples was found
to be 45 bar, with an average axial elongation of 0.258286, an average radial elongation
0f 0.075429, and an average shear stress of 6.889905 corresponding to this resistance.
Figure 8

Parameter 1 stress/strain graph
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When the results of the Parameter 1 experiment are examined, it is seen that the numerical
values of shear and axial elongation are approximately equal, and the numerical value

of radial stress is high.

The samples were cut into two pieces with an automatic saw in order to examine the
deformations in the cross sections. The cross-section images are shown in Figures 9 and
10.

Figure 9

Parameter 1 sample image
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Figure 10

Parameter 1 cross-sectional image 1

Figure 11

Parameter 1 cross-sectional image 2
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Figure 12

Parameter 1 section microscope image 1

Figure 13

Parameter 1 section microscope image 2

Figure 14

Parameter 1 section microscope image 3

Figure 15

Parameter 1 section microscope image 4

Copyright © 2025 by ISRES Publishing



Investigation of Surface Shift Behavior Under Internal Pressure In Carbon Composite Tubes

Parameter 2, Carbon Nanotube Ratio 1% Internal Pressure Surface Shape Change
Test Results

In the pressure test on the 2nd sample, the tubes burst at an average pressure of 95 bar as
a result of the stable application of load. The test duration averaged 38 minutes, and data
were recorded on a computer using a data collection device every 0.125 seconds. During
the first 2-3 minutes of the tests, a manual oil pump with its own mechanism evacuated
the air to create internal pressure. Stress sounds associated with the increase in internal
pressure in the tubes were monitored, and surface changes were observed during the
test. Since the test setup included a manual manometer, pressure values were tracked

manually, and the final values of the tubes before bursting were recorded.

Figure 16

Parameter 2 screenshot with instant results

Figure 17 shows the stress-strain ratio graph for a composite cylindrical pressure vessel
with a carbon nanotube ratio of 1%. The maximum pressure resistance of the sample
was found to be 95 bar, with an average axial elongation of 7.315875, an average shear
elongation of 5.725125, and an average radial stress of 3.299625 corresponding to this

resistance.

Figure 17
Parameter 2 stress/strain graph
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Figure 18

Parameter 2 sample image after experiment 1

Figure 19

Parameter 2 sample image after experiment 2

Figure 20

Parameter 2 cross-sectional image 1

Figure 21

Parameter 2 cross-sectional image 2

When the results of the Parameter 2 experiment are examined, it shows that the axial and

shear strain values are approximately low, and the radial stress is low.
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Figure 22

Parameter 2 section microscope image 1

Figure 23

Parameter 2 section microscope image 2

Figure 24

Parameter 2 section microscope image 3

Figure 25

Parameter 2 section microscope image 4

Mehmet Kayrict, Ahmet Faruk, DOGAN,
Okan KILINC



Innovative Approaches in Materials Science and Applications

Parameter 3, Carbon Nanotube Ratio 3% Internal Pressure Surface Shape
Change Test Results
Parameter 3 pressure test reached a value of 140 bar as a result of stable load application
and exploded. The test lasted 42 minutes, and data were recorded on a computer using
a data collection device every 0.125 seconds. During the first 2-3 minutes of the test, a
manual oil pump with its own mechanism discharged the air to create internal pressure.
Stress sounds associated with the increase in internal pressure were monitored, and
surface changes were observed during the test. Since the test setup included a manual
manometer, pressure values were tracked manually, and the final values of the samples

before the explosion were recorded.

Figure 26

Parameter 3 screenshot with instant results
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Figure 27 shows the stress-strain curve for a cylindrical pressure vessel made of a
composite material containing 3% carbon nanotubes. The average maximum pressure
resistance of tubes with parameter 3 is 140 bar, with an average axial elongation of
2.36775, an average shear elongation of 2.499, and an average radial stress of 0.947625

corresponding to this resistance.

Figure 27
Parameter 3 stress/strain graph
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When the results of Parameter 3 experiments are examined, they show that the axial and

shear strain values are approximately low, and the radial stress is low.
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Figure 28

Parameter 3 sample image before experiment

Figure 29

Parameter 3 cross-sectional image 1

Figure 30

Parameter 3 cross-sectional image 2

Figure 31

Parameter 3 section microscope image 1
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Figure 32

Parameter 3 section microscope image 2

Figure 33

Parameter 3 section microscope image 3

Figure 34

Parameter 3 section microscope image 4

Results And Recommendations

e In internal pressure tests of carbon fiber-wrapped pressurized cylindrical
composite tank samples, it was observed and confirmed by test results that carbon
nanotube-reinforced composite materials and their ratios have a significant effect
on surface stress displacement.

o When the carbon nanotube ratio, which is the experimental variable, increases, the
strength of the composite samples increases compared to the carbon-nanotube-
free composite tubes. This is because the carbon nanotubes are homogeneously
mixed into the resin, giving the composite material new properties.

e The addition of carbon nanotubes has also increased the burst pressure of the
tubes proportionally. There has been an average increase of 9.33 times between
the empty liner and the composite tube with 3% additive. Here, carbon nanotubes
have generally increased the strength of the material, making crack formation
and fiber/matrix separation more difficult.

e In the study, damage was expected in the areas where teeth were cut into the
material and connection and filling devices were mounted in the geometries
of the tank’s end sections, and the composite throat section was added later.
However, since epoxy was used as a sealing and bonding agent, no damage was
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encountered here. In the study, it was observed that the critical region of the
tube suffered axial separation damage in the main body. The material did not
show any geometric planar displacement while being damaged. It retained its
cylindrical structure. This prevents negative effects on the environment during
use and damage.

e Asaresult, it has been concluded that tubes or tanks made of composite materials
using aluminum, plastic, or other liners can store much more gas (approximately
20 times more) in a much smaller volume, and that the use of much lighter
materials creates an ideal combination of weight, volume, and pressure.
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Introduction
The persistent growth in global energy demand, largely driven by industrial expansion,
population increase, and advances in technology, continues to exert tremendous pressure
on current energy infrastructures. Simultaneously, the impacts of climate change and
environmental degradation have intensified the urgency of adopting sustainable and
efficient energy strategies. According to the International Energy Agency (IEA, 2022),
the energy sector remains the dominant source of global greenhouse gas emissions,
responsible for approximately three-quarters of the total. In this light, enhancing the
performance of energy systems is therefore not only an economic objective but a strategic
necessity aligned with international frameworks such as the Paris Agreement and the

United Nations Sustainable Development Goals.

In the field of engineering sciences, numerous performance indicators and analytical
techniques have been developed to evaluate and improve system efficiency. Among
them, exergy analysis has emerged as one of the most comprehensive and insightful
thermodynamic approaches. Unlike traditional energy balances, which are based solely
on the first law of thermodynamics and treat all forms of energy equivalently, exergy
analysis incorporates the second law. This allows for an assessment of energy quality
and the inevitable irreversibilities that occur during energy conversion processes. As a
result, exergy analysis provides a more meaningful evaluation of not only the quantity
of energy consumed but also the effectiveness with which it is transformed into useful

work.

The principal strength of conventional exergy analysis (CEA) lies in its ability to highlight
the true thermodynamic inefficiencies of a system by quantifying irreversibilities. Over
the past several decades, CEA has been extensively applied to diverse energy systems,
including gas turbines, steam power plants, refrigeration cycles, and renewable energy
technologies (Bejan, 2017; Ozen et al., 2020; Rosen & Dincer, 2001). These studies
have consistently demonstrated that exergy analysis delivers deeper insights into
system performance compared to analyses based solely on the first law. For example,

in combined cycle power plants, while the reported energy efficiency may reach 55-
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60%, exergy efficiency values often fall within the range of 35-45%, clearly exposing

significant hidden irreversibilities that a first-law perspective fails to capture.

Nonetheless, despite its recognized benefits, CEA suffers from notable limitations.
While it provides the total magnitude of exergy destruction within a system, it does not
distinguish between avoidable and unavoidable portions of irreversibility. In practical
terms, this means that CEA cannot differentiate losses that may be realistically reduced
through improved designs or operational strategies from those that are inherently
irreducible due to thermodynamic constraints. Furthermore, conventional analysis does
not separate endogenous irreversibilities, which arise from within a specific component,
from exogenous ones, which are caused by the interaction of that component with others.
This lack of resolution diminishes the decision-making power of CEA, particularly in

complex systems with high levels of integration.

To illustrate this issue, consider a gas turbine within a broader power generation system.
Conventional exergy analysis may reveal that the turbine exhibits the largest share of
exergy destruction. Yet such a result leaves key questions unanswered: How much of the
destruction is unavoidable due to the fundamental physics of gas expansion, how much
is avoidable through design modifications such as advanced blade geometry, cooling
techniques, or optimized operation, and importantly, what share of the destruction
originates internally within the turbine itself, and what share is imposed by other
components such as upstream compressors or downstream heat exchangers? Because
CEA cannot provide these distinctions, it falls short of guiding targeted engineering

interventions.

To overcome these shortcomings, Advanced Exergy Analysis (AEA) was developed
as a refinement of conventional methods. Its origins can be traced to the pioneering
contributions of George Tsatsaronis in the late 1980s and early 1990s, who emphasized
the need to classify different types of irreversibilities for improved decision-making
in design and optimization (Tsatsaronis, 1993). The methodology was subsequently
extended and formalized through the work of Morosuk and Tsatsaronis (2009), Vuckovi¢
et al. (2012), and numerous others. Over time, AEA has matured into a robust framework
widely recognized for its ability to deliver deeper insights into system inefficiencies and

to support decision-making at both the component and system levels.

The essence of AEA lies in its two-dimensional classification of exergy destruction.
It separates irreversibilities into avoidable versus unavoidable and endogenous versus
exogenous categories. When combined, these classifications generate a fourfold
partition: avoidable-endogenous, avoidable-exogenous, unavoidable-endogenous, and
unavoidable-exogenous. This refined categorization not only quantifies the overall

magnitude of losses but also identifies their origin and reducibility, thereby offering
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engineers actionable insights into where system improvements can most effectively be

pursued.

In this way, AEA transforms exergy analysis from a diagnostic tool into a decision-
support framework. By revealing the nature and source of inefficiencies, it provides
clear guidance for prioritizing engineering strategies. For instance, if analysis reveals
that a compressor’s losses are predominantly avoidable-exogenous, this indicates
that upstream components are the true focus for improvement, as their inefficiencies
propagate downstream. Conversely, if the majority of losses are avoidable-endogenous,

direct efforts on the compressor’s design or operation will be most effective.

Since its introduction, AEA has been applied to a broad array of energy systems. In
industrial processes such as natural gas liquid (NGL) recovery, AEA has helped pinpoint
compressors and heat exchangers as critical targets for improvement(Jovijari, Kosarineia,
Mehrpooya, & Nabhani, 2022a). In power generation applications, including organic
Rankine cycles (ORC) and combined heat and power (CHP) systems, it has clarified the
distribution of irreversibilities and guided optimization of system integration(Azubuike,
Njoku, Eke, & Ekechukwu, 2025; Yan et al., 2019). More recently, the method has also
been adopted in unconventional sectors such as food processing, where Biihler et al.
(2018) demonstrated its utility in identifying hidden inefficiencies in milk processing

plants-opportunities that conventional analysis had overlooked.

Beyond thermodynamic insights, AEA has been extended into the economic and
environmental domains. The development of advanced exergoeconomic analysis (AECA)
and advanced exergoenvironmental analysis (AEEA) allows simultaneous consideration
of cost-related and environmental implications of irreversibilities(Petrakopoulou,
Tsatsaronis, Morosuk, & Paitazoglou, 2012; Qi et al., 2024). These integrated approaches
are particularly valuable in the context of the global energy transition, where technical

efficiency must align with economic feasibility and sustainability objectives.

AEA has also proven valuable in education. Introducing students to the distinctions
between avoidable and unavoidable, and endogenous and exogenous irreversibilities,
nurtures a deeper understanding of energy systems and promotes systems-oriented
thinking. This prepares future engineers and scientists to confront the complex realities
of modern energy infrastructures, where interactions among components often dictate

overall performance more than individual component efficiencies.

In conclusion, Advanced Exergy Analysis represents a paradigm shift in the assessment of
energy systems. By distinguishing between the nature and reducibility of irreversibilities,
it generates actionable insights for the design, optimization, and operation of energy
technologies. Its successful application across a wide range of industrial, renewable,

and unconventional systems highlights its versatility, while its extensions to economic
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and environmental dimensions demonstrate its broad relevance. The following sections
of this work will provide a detailed account of the methodological framework of AEA,
beginning with a closer examination of the limitations of conventional exergy analysis,
and then elaborating on the theoretical foundations, decomposition strategies, and hybrid

cycle approaches employed in advanced applications.

Limitations of Conventional Exergy Analysis
Conventional exergy analysis (CEA) has long been recognized as a significant step
beyond traditional energy balances, as it incorporates the second law of thermodynamics
and evaluates not only the quantity but also the quality of energy flows. It quantifies
the irreversibilities within a system and indicates where thermodynamic performance is
being compromised. Despite these advantages, however, CEA presents several important
limitations that restrict its usefulness as a decision-support tool in engineering practice.
These limitations become particularly critical when dealing with complex energy
systems such as combined heat and power (CHP) units, gas turbine plants, or novel

cycles integrating renewable and cryogenic sources.

Aggregated representation of irreversibilities

One of the primary shortcomings of CEA is that it provides only the total magnitude
of exergy destruction in each system component. While this information highlights
the most inefficient components, it does not clarify the nature of these inefficiencies.
For instance, in a simple Brayton cycle, CEA may show that the combustion chamber
exhibits the largest share of exergy destruction. Yet this result alone does not explain
whether these losses are fundamentally unavoidable due to entropy generation inherent
in combustion or whether they can be significantly reduced through better design or
operational improvements. Thus, the aggregated representation of irreversibilities
prevents engineers from identifying realistic improvement potentials (Kelly, Tsatsaronis,
& Morosuk, 2009).

Lack of distinction between avoidable and unavoidable losses

CEA does not distinguish between avoidable irreversibilities, which can be reduced
through engineering actions, and unavoidable irreversibilities, which are constrained by
thermodynamics or the current state of technology. This lack of distinction often leads
to misleading conclusions. For example, when analyzing a heat exchanger, conventional
exergy analysis may report a certain level of exergy destruction. However, part of this
destruction is unavoidable due to the finite temperature difference required for heat
transfer, while another part could be avoided with better heat exchanger design or
operating conditions. Without separating these two, CEA risks overstating or understating

the true improvement potential of the component (Morosuk & Tsatsaronis, 2009).
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Inability to differentiate endogenous and exogenous contributions

A further limitation lies in the inability of CEA to account for interactions between
components. Exergy destruction in a given component is not always the result of its own
inefficiencies; rather, it can also be influenced by upstream or downstream components.
For instance, a turbine may appear highly irreversible under conventional analysis. Yet
a portion of this irreversibility may be caused by non-ideal performance of the upstream
compressor, which alters the inlet conditions to the turbine. Since CEA attributes all
irreversibilities to the turbine itself, it fails to capture such exogenous effects, leading
to inaccurate or incomplete diagnostics (Yousefizadeh Dibazar, Salehi, & Davarpanah,
2020).

Limited decision-making value in complex systems
Because of the above limitations, the practical decision-making value of CEA is
restricted. In real-world engineering practice, decision-makers require precise answers

to questions such as:

e Which losses should be prioritized for improvement?

e Which losses are technologically unavoidable and therefore not worth further
investment?

e Are the inefficiencies caused by the component itself, or are they imposed by
interactions with other parts of the system?

CEA cannot provide definitive answers to these questions. As a result, it may misdirect
investment and design efforts. For example, in a combined cycle power plant, CEA may
suggest focusing on the gas turbine due to its high exergy destruction. However, without
distinguishing avoidable from unavoidable losses and endogenous from exogenous
contributions, such an approach could lead to costly design modifications with limited
actual benefit (Kelly et al., 2009).

Ilustrative examples from literature

Numerous studies have highlighted these limitations. Petrakopoulou et al. (2012)
demonstrated that in a combined cycle power plant, conventional exergy analysis
identified the heat recovery steam generator (HRSG) as one of the dominant sources
of inefficiency. However, when advanced exergy analysis was applied, it was revealed
that a large fraction of the HRSG’s losses were unavoidable, thereby shifting the
focus of improvement efforts to other components such as the turbine and condenser.
Similarly, Kelly et al. (2009) showed that in gas turbine systems, CEA often overstated
the contribution of certain components (e.g., combustion chamber) to total exergy
destruction, while AEA clarified that much of this destruction was unavoidable and

endogenous, leaving only a smaller fraction as truly avoidable.
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Another example is provided by Yousefizadeh Dibazar et al. (2020), who analyzed three
different organic Rankine cycles (ORCs). Conventional analysis indicated the expander
as the most critical component. However, advanced analysis showed that a significant
part of the expander’s irreversibilities originated from exogenous interactions with the
evaporator, highlighting the need for system-level improvements rather than component-

level redesign.

Summary of limitations
In summary, the main limitations of conventional exergy analysis can be outlined as

follows:

1. It provides only aggregated values of irreversibilities without explaining their
causes.

2. It does not separate avoidable from unavoidable losses, making it impossible to
quantify true improvement potentials.

3. It cannot differentiate between endogenous inefficiencies and exogenous
interactions, limiting its diagnostic accuracy.

4. It offers limited decision-making support in the design and optimization of
complex energy systems.

For these reasons, while CEA remains a valuable preliminary tool, it is insufficient for
guiding detailed design improvements or strategic decisions. This recognition paved the
way for the development of Advanced Exergy Analysis (AEA), which directly addresses
these shortcomings by introducing a refined framework capable of decomposing exergy
destruction into more meaningful categories. The theoretical basis of this framework is

presented in the following section.

Conceptual Framework of Advanced Exergy Analysis
Advanced Exergy Analysis (AEA) goes beyond conventional exergy analysis by not
only measuring the magnitude of irreversibilities but also clarifying why and where
they occur and to what extent they can be reduced. To achieve this, AEA employs a two-

dimensional classification:
e Avoidable and Unavoidable

e Endogenous and Exogenous

The combination of these two dimensions results in a fourfold categorization that has
become the conceptual backbone of modern exergy research.

Avoidable and unavoidable destruction

This dimension addresses the most practical question for engineers: “How much
of this loss can actually be reduced?”
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e Avoidable destruction refers to the portion of losses that can be reduced by
technological improvements, better component design, or optimized operation
strategies. For instance, pressure losses in a heat exchanger due to outdated
design can be minimized with compact modern geometries.

e Unavoidable destruction represents irreversibilities that remain even under the
best available technology and are fundamentally constrained by thermodynamics.
An example is the minimum entropy generation that inevitably occurs in
compression processes. This classification was systematically introduced by
Tsatsaronis (1999), providing a foundation for later AEA studies.

Endogenous and exogenous destruction

The second dimension deals with the origin of losses:

e Endogenous destruction originates within the component itself, such as
aerodynamic or frictional losses in turbine blades.

e Exogenous destruction, on the other hand, arises due to the influence of other
system components. For example, a compressor receiving non-ideal inlet
conditions from an upstream heat exchanger suffers exogenous penalties.

This classification highlights the importance of system integration and was further

clarified by Vuckovi¢ et al. (2012) in their analyses of industrial plants.

Fourfold classification

By combining both dimensions, AEA provides a comprehensive four-part framework:

1. Avoidable-Endogenous (AV-EN): Internal inefficiencies that can be reduced by
redesign or improved operation.

2. Avoidable-Exogenous (AV-EX): Losses induced by other components but still
reducible, often by better system integration.

3. Unavoidable-Endogenous (UN-EN): Intrinsic irreversibilities of a component
that cannot be further reduced with current technology.

4. Unavoidable-Exogenous (UN-EX): External inefficiencies imposed by other
subsystems, persisting even if the component itself operates ideally.

Studies such as Petrakopoulou etal. (2012) have shown the relevance of this categorization

in real applications, illustrating its diagnostic and optimization potential.

Practical value of the conceptual framework

The importance of this framework lies in its guidance for engineering decisions. When
the dominant share of losses falls into the avoidable-endogenous category, redesign of the
component is a rational priority. If avoidable-exogenous losses dominate, then system-

level integration and coordination strategies should be emphasized. Conversely, high
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unavoidable fractions indicate that significant improvements would require technological

breakthroughs rather than incremental modifications.

In this sense, AEA becomes more than an analytical tool it acts as a strategic compass
for engineers and researchers, pointing not only to where inefficiencies occur but also to
which losses can realistically be reduced and how system performance can be improved
in practice (Alibaba et al., 2020).

Theoretical Foundations of Advanced Exergy Analysis

Theoretical foundations of advanced exergy analysis

The theoretical basis of Advanced Exergy Analysis (AEA) lies in the second law of
thermodynamics and the concept of irreversibility. Conventional exergy balances
provide information about the total exergy destruction in a component or system, but
they do not explain whether these losses are reducible, to what extent they originate
from the component itself, or how much is induced by interactions with other system
elements. AEA addresses these shortcomings by decomposing total exergy destruction
into two dimensions: avoidable vs. unavoidable and endogenous vs. exogenous. The
combination of these two dimensions leads to four distinct categories: avoidable-
endogenous (AV-EN), avoidable—exogenous (AV-EX), unavoidable—endogenous (UN-
EN), and unavoidable-exogenous (UN-EX).

Over the years, several methodological approaches have been proposed in the literature
to perform this decomposition. The most common ones are the engineering approach,
the thermodynamic approach, and the hybrid cycle approach. Each differs in terms of

accuracy, computational effort, and the type of information it can provide.

Engineering approach

The engineering approach represents the simplest and most approximate method. In this
framework, the endogenous destruction of a component is estimated based on assumed
values, such as typical isentropic efficiencies or design catalog data. For example, if
a compressor is considered to have a nominal efficiency of 85%, the irreversibilities
corresponding to this efficiency are assigned as endogenous. The exogenous destruction
is then calculated as the difference between the real destruction and the assumed

endogenous part (Morosuk & Tsatsaronis, 2009):

ExE' = Ex,, — ExY (1)

This method does not simulate interactions explicitly and thus provides only rough
approximations. While it requires minimal computational effort and is useful for

preliminary assessments or educational purposes, it lacks accuracy and may be misleading
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for highly integrated systems (Kelly et al., 2009; Morosuk & Tsatsaronis, 2009).

Thermodynamic approach
The thermodynamic approach provides a more rigorous distinction between endogenous

and exogenous destruction. The procedure is as follows:

1. The real system is simulated to obtain the total exergy destruction for each

component: EXx,

2. The component under study is kept at its real performance, while all other
components are assumed to operate under ideal reversible conditions. The

resulting destruction is the endogenous part: Exj,

3. The exogenous destruction is obtained by subtraction:

ExE = Ex,, — Ex™ )

This approach improves the understanding of interactions among system components
and provides useful information for improving an exergy conversion system. However,
as highlighted by Kelly et al. (2009), this method only splits exergy destruction into
endogenous and exogenous parts, and information about avoidable and unavoidable

fractions must be obtained separately through additional analysis.

Hybrid cycle approach

The hybrid cycle approach builds upon the thermodynamic approach and is now
considered the most comprehensive and reliable method. It retains the endogenous—
exogenous decomposition but extends the framework by incorporating the avoidable/
unavoidable distinction through simulations under unavoidable operating conditions
(Liu, Liu, Cao, Luo, & Yang, 2020; Yousefizadeh Dibazar et al., 2020).

The stepwise procedure is outlined below for a component k:

Step 0 — Real cycle
The system is solved under actual operating conditions: Ex,

Step 1 — Endogenous destruction (EN)
Component k operates at its real performance, while all other components are ideal

(reversible). The resulting destruction is the endogenous part: Ex;),

Step 2 — Exogenous destruction (EX)
The exogenous part Exg); is found using the following equation after the endogenous

part is found.
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ExE = Ex,, — ExY 3)

Step 3 — Unavoidable destruction (UN)

Unavoidable operating conditions are defined based on technological limits (e.g.,
maximum achievable efficiencies, minimum temperature differences (Petrakopoulou,
Tsatsaronis, Morosuk, & Carassai, 2012; Tsatsaronis, 1999): Ex,),

Step 4 — Avoidable destruction (AV)
The avoidable part Exga is found using the following equation after the unavoidable
part is found.

Eng; =Ex,, - Exg]i 4)

Step 5 — Partitioning of UN into UN-EN and UN-EX

Component k operates at its unavoidable performance, while all other components are

ideal (reversible). The resulting destruction is the endogenous part Exg],\;’EN (Hanger

Giileryiiz & Ozen, 2022; Morosuk & Tsatsaronis, 2009):

The exogenous part Ex, " is found using the following equation after the endogenous

part is found.

UN,EX _ 7~ UN UN,EN
ExD,k = ExD,k - ExD,k (5)

Step 6 — Partitioning of AV into AV-EN and AV-EX (Morosuk & Tsatsaronis, 2009;
Ozen, Hanger Giileryiiz, & Acilar, 2024)

AV.EN _ 1 EN UN,EN
Exp ™ =Exp—Exp, (6)

AV ,EX __ AV AV ,EN AV EX __ AV AV ,EN
Exp ™ =Ex,,—Ex) ™ orEx, " = Exp,, — Exp (7

Finally, the complete decomposition is obtained:

' _ A.V,EN A.V,EX U.N JEN U.N JEX
Ex,, = Exp "+ Exp "+ Exp 0+ Exp (8)

This approach allows engineers to distinguish not only the origin of irreversibilities
(EN/EX) but also their reducibility (AV/UN). As a result, it provides precise guidance

on whether design improvements should target the component itself or system-level
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integration.
Comparative Summary

In summary, the engineering approach estimates endogenous destruction based on
assumptions or typical efficiencies and assigns the remainder as exogenous, without
any avoidable/unavoidable split. The thermodynamic approach rigorously calculates
endogenous destruction by assuming the component real and all others ideal, and
exogenous as the difference, but it also stops short of avoidable/unavoidable classification.
The hybrid cycle approach combines both dimensions, producing a fourfold subdivision
(AV-EN, AV-EX, UN-EN, UN-EX) that is now the standard in advanced exergy studies
(Liu et al., 2020; Petrakopoulou, Tsatsaronis, Morosuk, & Carassai, 2012; Yousefizadeh
Dibazar et al., 2020).

The development of these methods can be traced through several key contributions.
The idea of distinguishing avoidable and unavoidable exergy destruction was first
systematically presented by Tsatsaronis (1999), who emphasized the importance of
separating losses imposed by technological limits from those that could be reduced
by improved design or operation. The methodological treatment of endogenous and
exogenous exergy destruction was provided in detail by Kelly et al. (2009), who
compared different ways of calculating endogenous destruction and explicitly described

the principle of “keeping the studied component real while assuming the others ideal.”

Later studies integrated these concepts within a single framework, giving rise to the
hybrid cycle method. A landmark application was presented by Petrakopoulou et al.
(2012), who analyzed a combined cycle power plant and demonstrated how both AV/UN
and EN/EX distinctions could be performed within one consistent procedure. Their work
also illustrated how exogenous destruction could be traced back to specific upstream
or downstream components, adding diagnostic depth. Since then, the hybrid cycle
method has been widely adopted, with applications in systems such as organic Rankine
cycles, refrigeration, and LNG-based plants (Ozen & Kogak, 2022). Recent works by
Yousefizadeh Dibazar et al. (2020) and Liu et al. (2020) confirmed its practicality and

reliability in modern energy system evaluations.

From a broader perspective, Morosuk and Tsatsaronis (2019) provided a comprehensive
review of advanced exergy-based methods, highlighting how exergy, exergoeconomic,
and exergoenvironmental extensions each address different questions. Their synthesis
shows that AEA has evolved into a multidimensional framework that supports not only
thermodynamic optimization but also economic and environmental decision-making.
Taken together, the literature demonstrates that today’s advanced exergy analysis is the
result of integrating the AV/UN and EN/EX concepts into a unified methodology, which
is why it is now regarded as one of the most powerful diagnostic tools for energy system

analysis.
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From a broader perspective, Morosuk and Tsatsaronis (2019) provided a comprehensive
overview of advanced exergy-based methods, including exergoeconomic and
exergoenvironmental extensions, clarifying how each tool addresses different questions.

Altogether, the literature shows that today’s AEA framework is

Applications of AEA in Energy Systems

Industrial processes

AEA has found impactful applications in industrial settings, where seemingly small
gains in efficiency can lead to major economic and environmental returns. For instance,
in natural gas liquid (NGL) recovery plants, Jovijari et al. (2022b) conducted a detailed
AEA and found that while conventional exergy analysis pointed to compressors and
heat exchangers as the primary loss contributors, the advanced analysis revealed that
a significant portion of the heat exchangers’ losses were unavoidable helping prioritize

where actual improvements should be targeted.

In ORC systems, AEA has enabled decomposition of exergy destruction into component-
origin and interaction-origin categories. A recent “thermodynamic cycle” study by Wang
etal. (2021) meticulously modeled the expander and heat exchanger, showing that exergy
losses were not only within the expander but also significantly influenced by upstream
components like the evaporator

Unconventional sectors

AEA’s adaptability has also been demonstrated in non-traditional fields. For example,
in a milk processing facility, both conventional and advanced exergy analyses were
conducted. While the conventional analysis offered a broad overview of losses, AEA
provided a detailed partitioning into avoidable and interaction-driven inefficiencies,

revealing opportunities for targeted improvements (Biihler et al., 2018).

Renewable and hybrid systems

In renewable energy systems such as combined heat and power (CHP) units and solar-
assisted cycles, AEA has clarified hidden inefficiencies and synergies, thus guiding the
integration of renewable resources into complex systems (Jani, Kachhwaha, Nagababu,
Das, & Ehyaei, 2022; Ozen, 2024; Ozen & Kogak, 2022).

Integration of Economic and Environmental Dimensions
Over time, AEA has expanded to include economic and environmental dimensions,
offering a more comprehensive framework for evaluating and improving energy systems.
These extensions allow engineers not only to understand thermodynamic inefficiencies

but also to assess their economic and ecological implications.

e Advanced exergoeconomic analysis (AECA): This approach evaluates the
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costs associated with exergy destruction, providing guidance for cost-effective
system improvements. For instance, Giiler (2023) applied AECA to a dual-binary
geothermal power plant and demonstrated how identifying cost-intensive losses
helps reduce both operating costs and CO, emission-related expenses.

e Advanced exergoenvironmental analysis (AEEA): AEEA connects
irreversibilities to environmental impacts, enabling design strategies that
prioritize sustainability. Benavides Gamero et al. (2023) performed AEEA on an
ORC waste-heat recovery system, showing that the majority of environmental
impacts were endogenous and largely avoidable.

e Combined AECA and AEEA: Recent studies integrate both perspectives
within a single methodological framework. A notable example is the work of
Ozen (2024), who applied advanced exergoeconomic and exergoenvironmental
analyses to a geothermal-based power system using the Modified Productive
Structure Analysis (MOPSA) method. This study highlighted how combining
the two approaches provides a multidimensional understanding of system
performance, revealing improvement opportunities that remain hidden when
only one dimension is considered.

Together, these contributions show that AEA has become not only a diagnostic tool but
also a comprehensive sustainability framework, integrating thermodynamic efficiency

with economic and environmental decision-making.

Educational Contributions of AEA
Including the advanced approaches of AEA in engineering education helps students
develop both critical thinking and a systems-oriented perspective. In this way, they not
only gain theoretical knowledge but also learn to better understand the complexities
and interdependencies of real-world energy systems, preparing them to deal with these
challenges in practice.

Conclusion and Future Outlook
Advanced Exergy Analysis has emerged as a powerful approach that connects the
principles of thermodynamics with real engineering practice. By separating avoidable,
unavoidable, endogenous, and exogenous irreversibilities, it offers a unique diagnostic
capability that supports both broad system-level improvements and targeted component

optimizations.

Its wide use in industrial, renewable, and even unconventional applications, together
with its extensions into economic and environmental fields, demonstrates its flexibility
and relevance. At the same time, its role in education helps prepare future engineers and

scientists to think critically about sustainability and efficiency.

Looking ahead, AEA is expected to become a central framework for next-generation

energy systems. As the global energy transition demands higher efficiency, lower
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emissions, and sustainable design, AEA provides the precision and multidimensional

insight needed to meet these challenges.

References
Alibaba, M., Pourdarbani, R., Hasan Khoshgoftar Manesh, M., Herrera-Miranda, 1.,
Gallardo-Bernal, 1., & Hernandez-Hernandez, J. L. (2020). Conventional and
advanced exergy-based analysis of hybrid geothermal—solar power plant based
on ORC cycle. Applied Sciences, 10(15), 5206.

Azubuike, U. G., Njoku, H. O., Eke, M. N., & Ekechukwu, O. V. (2025). Advanced
Exergy Analysis and Performance Ranking of Components of a Combined Cycle
Power Plant. Thermal Engineering, 72(1), 17-31.

Bejan, Adrian. (2017). Advanced engineering thermodynamics. John Wiley & Sons Inc.

Benavides Gamero, A., Camargo Vanegas, J., Duarte Forero, J., Valencia Ochoa, G.,
& Diaz Herazo, R. (2023). Advanced exergo-environmental assessments of an
organic rankine cycle as waste heat recovery system from a natural gas engine.
Energies, 16(7), 2975.

Biihler, F., Nguyen, T.-V., Jensen, J. K., Holm, F. M., & Elmegaard, B. (2018). Energy,
exergy and advanced exergy analysis of a milk processing factory. Energy, 162,
576-592.

Giler, O. V., Giirbiiz, E. Y., Georgiev, A. G., & Kecebas, A. (2023). Advanced
Exergoeconomic Assessment of CO2 Emissions, Geo-Fluid and Electricity in
Dual Loop Geothermal Power Plant. Energies, 16(8). doi:10.3390/en16083466

Hanger Giileryiiz, E., & Ozen, D. N. (2022). Advanced exergy and exergo-economic
analyses of an advanced adiabatic compressed air energy storage system. Journal
of Energy Storage, 55. d0i:10.1016/j.est.2022.105845

Jani, Hardik K, Kachhwaha, Surendra Singh, Nagababu, Garlapati, Das, Alok, &
Ehyaei, MA. (2022). Energy, exergy, economic, environmental, advanced exergy
and exergoeconomic (extended exergy) analysis of hybrid wind-solar power plant.
Energy & Environment, 34(7), 2668-2704. doi:10.1177/0958305X221115095

Jovijari, F., Kosarineia, A., Mehrpooya, M., & Nabhani, N. (2022a). Advanced exergy
analysis of the natural gas liquid recovery process. Thermal Science, 26(3 Part
A), 2287-2300.

Jovijari, F., Kosarineia, A., Mehrpooya, M., & Nabhani, N. (2022b). Advanced exergy
analysis of the natural gas liquid recovery process. Thermal Science, 26(3 Part
A), 2287-2300.

Kelly, S., Tsatsaronis, G., & Morosuk, T. (2009). Advanced exergetic analysis:

Approaches for splitting the exergy destruction into endogenous and exogenous

H Copyright © 2025 by ISRES Publishing I



Advanced Exergy Analysis

parts. Energy, 34(3), 384-391.
Liu, Z., Liu, Z., Cao, X., Luo, T., & Yang, X. (2020). Advanced exergoeconomic

evaluation on supercritical carbon dioxide recompression Brayton cycle. Journal
of Cleaner Production, 256, 120537. doi:10.1016/J.JCLEPR0O.2020.120537

Morosuk, T., & Tsatsaronis, G. (2009). Advanced exergy analysis for chemically reacting
systems—application to a simple open gas-turbine system. International Journal
of Thermodynamics, 12(3), 105-111.

Morosuk, T., & Tsatsaronis, G. (2019). Advanced exergy-based methods used to
understand and improve energy-conversion systems. Energy, 169, 238-246.
doi:10.1016/J.ENERGY.2018.11.123

Ozen, D. N., Uysal, C., & Balli, O. (2020). Thermoeconomic analysis of t56 turboprop
engine under different load conditions. Isi Bilimi Ve Teknigi Dergisi/ Journal
of Thermal Science and Technology, 40(2), 251-265. https://doi.org/10.47480/
isibted.817013

Ozen, D. N. (2024). Advanced exergo-economic and exergo-environmental analyses of a
geothermal sourced power system with the modified productive structure analysis
method (MOPSA). Renewable Energy, 237. doi:10.1016/j.renene.2024.121715

Ozen, D. N., Hanger Giileryiiz, E., & Acilar, A. M. (2024). Advanced exergo-economic
analysis of an advanced adiabatic compressed air energy storage system with the
modified productive structure analysis method and multi-objective optimization
study. Journal of Energy Storage, 81. doi:10.1016/j.est.2023.110380

Ozen, D. N., & Kogak, B. (2022). Advanced exergy and exergo-economic analyses of
a novel combined power system using the cold energy of liquefied natural gas.
Energy, 248. doi:10.1016/j.energy.2022.123531

Petrakopoulou, F., Tsatsaronis, G., Morosuk, T., & Carassai, A. (2012). Conventional and
advanced exergetic analyses applied to a combined cycle power plant. Energy,
41(1), 146-152. doi:10.1016/J. ENERGY.2011.05.028

Petrakopoulou, F., Tsatsaronis, G., Morosuk, T., & Paitazoglou, C. (2012). Environmental
evaluation of a power plant using conventional and advanced exergy-based
methods. Energy, 45(1), 23-30.

Qi, X., Yang, C., Huang, M., Ma, Z., Hnydiuk-Stefan, A., Feng, K., ... Li, Z. (2024).
Conventional and advanced exergy-exergoeconomic-exergoenvironmental
analyses of an organic Rankine cycle integrated with solar and biomass energy
sources. Energy, 288, 129657.

Rosen, M. A., & Dincer, I. (2001). Exergy as the confluence of energy, environment and

sustainable development. Exergy, an International Journal, 1(1), 3—13.

Dilek Nur OZEN m



Innovative Approaches in Materials Science and Applications

Tsatsaronis, G. (1993). Thermoeconomic analysis and optimization of energy systems.

Progress in Energy and Combustion Science, 19(3), 227-257.

Tsatsaronis, G. (1999). Strengths and limitations of exergy analysis. In Thermodynamic

optimization of complex energy systems (pp. 93—100). Springer.
Vuckovi¢, G. D., Vuki¢, M. V, Stojiljkovi¢, M. M., & Vuckovi¢, D. D. (2012). Avoidable

and unavoidable exergy destruction and exergoeconomic evaluation of the

thermal processes in a real industrial plant. Thermal Science, 16(suppl. 2), 433—
446.

Wang, Y., Qin, G., Zhang, Y., Yang, S., Liu, C., Jia, C., & Cui, Q. (2021). Conventional
and advanced exergy analyses of an organic Rankine cycle by using the
thermodynamic cycle approach. Energy Science & Engineering, 9(12), 2474—
2492.

Yan, C., Yang, A., Chien, [.-L., Wei, S., Shen, W., & Ren, J. (2019). Advanced exergy
analysis of organic Rankine Cycles for Fischer-Tropsch syngas production with
parallel dry and steam methane reforming. Energy Conversion and Management,
199, 111963.

Yousefizadeh Dibazar, S., Salehi, G., & Davarpanah, A. (2020). Comparison of exergy
and advanced exergy analysis in three different organic rankine cycles. Processes,
8(5), 586.

About the Author
Dilek Nur OZEN, PhD is an Associate Professor of Mechanical Engineering at Necmettin
Erbakan University in Konya, Turkey. She holds a PhD in Mechanical Engineering from
Selcuk University. Her main areas of interest are exergy and exergo-economic analyses
of energy plants.
E-mail: dnozen@erbakan.edu.tr, ORCID: 0000-0002-8622-4990

Similarity Index

The similarity index obtained from the plagiarism software for this book chapter is 10%.

H Copyright © 2025 by ISRES Publishing I


mailto:dnozen@erbakan.edu.tr

Chapter 6

Development of Composite Materials Reinforced with Hybrid GNP and
BC
4

Melik CETIN
Karabiik University

Hayrettin AHLATCI
Karabiik University

Kenza DJEBARI
Karabiik University

To Cite This Chapter:
Cetin, M., Ahlatci, H., & Djebari, K. (2025). Development of composite materials reinforced

with hybrid GNP and B4C. In H. Gokmese, S. Bulbul, & Y. Uzun (Eds.), [nnovative approaches
in materials science and applications (pp. 104—127). ISRES Book Series. ISRES Publishing.

Introduction

Composite materials hold a significant position in modern industry due to their high
hardness-to-density and strength-to-density ratios. These materials are widely used
in sectors where weight is critical, such as the aerospace and aviation industries. The
high efficiency and performance enhancement provided by composite structures have
rendered them indispensable in these fields (Liu et al., 2016).

In practical applications, randomly oriented particle-reinforced metal matrix composites
(MMCs) are frequently preferred. The primary reason for this preference is the desire
to obtain isotropic properties (Miyazaki et al., 2004). MMCs combine the ductility and
toughness of metals with the high strength of ceramics, enabling their use in essential
engineering applications (Asthana et al., 2006). Particle reinforcement is an effective
method for improving the mechanical properties of composites, providing a noticeable

increase in strength compared to the unreinforced metal matrix.

Although the production of composite materials generally involves liquid-state
processes such as casting, solid-state techniques, including powder metallurgy, have
been gaining increasing importance (Del Monte et.al., 1999). With recent technological
advancements, there has been a shift from traditional methods toward advanced
manufacturing techniques, and powder metallurgy has become particularly prominent
in the fabrication of particle-reinforced MMCs (Ma et al., 2020; Zhang et al., 2020).
However, the oxidation-sensitive nature of Mg and Mg-based alloys remains a critical

factor that increases production costs (Blawert et al., 2004).
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Among the expected properties of composite matrix materials are low density, corrosion
resistance, fracture toughness, and compatibility with the reinforcement phases. While
the matrix transfers the applied load to the reinforcing phases, it also protects them from
corrosive environmental effects and limits the propagation of brittle cracks. Therefore,
the matrix material plays a critical role in the mechanical and thermomechanical

performance of composite structures.

Light metals are frequently chosen as matrix materials due to their high toughness and
excellent mechanical properties. Owing to its low density, magnesium (Mg) has gained
prominence in modern lightweight structural design (Monticelli et al., 2019). In armoured
vehicles, mobility and multidirectional manoeuvring capability are closely associated
with the use of lightweight materials. For this reason, Mg alloys are increasingly preferred
in armor systems that require high ballistic resistance (Alaneme et al., 2021; Luo et al.,
2013). In recent years, Mg alloys have become increasingly competitive with Al alloys,
offering environmentally friendly and efficient solutions for engineering applications
where weight reduction is critical (Liu et al., 2024). Mg provides strength levels close
to those of Al while offering advantages in many fields due to its lightweight nature
combined with adequate strength (Alaneme et al., 2021; Liu et al., 2024).

Aluminium and its alloys are widely used in automotive, aerospace, construction, and
energy sectors owing to their high corrosion resistance, low density, and favourable
mechanical properties. Aluminium matrix composites (AMCs) are distinguished by
their high specific strength and hardness, as well as their superior wear and temperature
resistance. The Al5754 alloy is particularly known for its high ductility, strength, and
corrosion resistance; however, it may be susceptible to certain forms of corrosion under
harsh environmental conditions, such as marine atmospheres. Ceramic reinforcements
such as B,C and GNP (graphene nanoplatelets) are commonly incorporated into AA5754
matrix composites, offering advantages including high melting temperatures, low

densities, and high elastic moduli.

However, incorporating GNP into an Al matrix is quite challenging due to wetting
difficulties. Although the literature includes studies on GNP reinforcement in Mg-
based composites, research on GNP reinforcement in AA5754 remains limited (Zhang
et al., 2020; Zhang et al., 2017; Prakash et al., 2011). This study aims to investigate
the structural characteristics of nano-sized ceramic-reinforced composites based on the
Al5754 matrix, thereby addressing this gap in the literature and enhancing the commercial
application potential of these materials. In this study, the AI5754 alloy was reinforced
with various proportions of GNP, B,C, and GNP+B,C mixtures. The composites were
produced via the stir-casting method, cold-rolled to 30%, and subsequently subjected to

a recrystallization heat treatment.
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Materials and Methods
The Al5754 Al-Mg wrought alloy, whose chemical composition is given in Table 1,
was procured as plates from SEYKOC ALUMINIUM. The initial quantities of the
reinforcements (GNP and B,C) used for producing the composites namely A15754+0.5%
GNP, Al5754+0.5% GNP+15% B,C, Al5754+1% GNP+15% B,C, and Al5754+15%
B,C are presented in Table 2. Before induction melting, the nano-sized carbon GNP and
B,C ceramic reinforcements were mixed both dry in a V-type ball mixer and magnetically
ultrasonically in alcohol. The steps of the homogeneous mixing process are shown in
Figure 1. Finally, to ensure complete removal of ethanol from the system, the mixed
powders were placed in a furnace at a controlled temperature and dried for 12 hours.
The prepared GNP- and B,C-containing mixtures were then pressed in a 30-ton capacity
hydraulic press at 350 °C to form compacts of 32x30 mm diameter within a mold, and

these compacts were partially sintered at 500 °C for 3 hours.

Together with the sintered compacts, the A15754 Al-Mg alloy (initial masses provided in
Table 2) was melted in an S6 gas-shielded induction melting furnace using an alumina-
lined graphite crucible, and the stir-casting method was applied to ensure homogeneous
incorporation of the added reinforcements. The melt was poured into rectangular steel
molds preheated to 300 °C, with dimensions of 35%25%200 mm as shown in Figure
2(b), producing the as-cast AA5754 alloy and the Al-matrix GNP- and B,C-reinforced
composites. The cast composites were then wrapped in Al foil and subjected to a
homogenization heat treatment at 490 °C for 5 hours in an atmosphere containing B4C

and graphite powders.

Table 1
Chemical composition of AI5754 alloy.

Alloy Mg Mn Si Cr Fe Al

Al 5754 3.650 0.526 0.349 0.112 0.348 Rest.

Table. 2
The amount (in grams) of carbon- and ceramic-reinforced Al5754 matrix composites

produced in this study.

GNP B,C Gd-Nd AA5754
Alloy
9] (@ €3] 9]
Al+%0,5GNP 5 0 10 985
Al+%0.5 GNP+%15 B,C 5 150 10 835
Al+%1 GNP+%15 B,C 10 150 10 830
Al+%15 B,C 0 150 10 840
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Figure 1

Preparation process of powder mixtures.

Mixing
B,C + Al/Mg
J' Compaction by Pressing
Magnetic Ultrasonic Stirring T
B4C+AIMg GNP BAC+AIMg+GNP

&8 & &

PP - P - 1 A - |
l acuum Fum
' Evaporation = v -
(.;-;-;_‘E o
s &) ]
o - : 't - s —b ;
di O o Drying
Figure 2

Induction melting furnace and specimen production mold.

The specimens were prepared using standard metallographic procedures, involving
sequential grinding with SiC papers ranging from 240 to 2500 mesh, followed by final
polishing with a 1 um alumina suspension. They were then etched using 100 mL of
Keller’s solution (1 cm?® hydrofluoric acid; 1.5 cm? hydrochloric acid; 2.5 cm? nitric acid;
95 cm? water), rinsed with water and alcohol, and dried with hot air. The microstructures
of the specimens were examined using a Nikon optical microscope and SEM-EDAX
analyses. The hardness of the as-cast specimens was measured in Brinell units using an
HB-3000B Brinell hardness tester. In contrast, the hardness of the rolled and subsequently
recrystallized specimens was measured using an FV-700 model FUTURETECHCOPP

Vickers hardness tester.
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The rolling process for the unprocessed AA5754 alloy and composites reinforced
with varying amounts of GNP and B4«C was carried out on a double-cold roller mill.
Specimens measuring 10 x 25 x 55 mm were rolled at room temperature with 10%
reductions per pass, resulting in a total decrease of 30%. To investigate the diffusion and
recrystallization behaviour of the 30% cold-rolled unreinforced AA5754 and GNP- and
B,C-reinforced composites, and to evaluate the effect of heat treatment on hardness and
corrosion resistance, the specimens were held at 300 °C for 1 hour and then cooled to

room temperature outside the furnace.

Wear tests were conducted on the reciprocating wear test apparatus shown in Figure 3
under a constant load of 20 N, a sliding speed of 0.1 m/s, and a total sliding distance of
1000 m. Wear was measured and recorded every 200 m of sliding distance. The friction
force generated during testing was measured instantaneously using a load cell attached
to the tribometer arm and transferred to a computer. A 6 mm-diameter AISI 52100-grade
steel ball was used as the counter material. Specimen weight measurements were
performed using a RADWAG AS 220.R2 balance with a precision of 107,

Figure 3

Schematic representation of the reciprocating wear test apparatus.

The worn surfaces of the specimens were examined in detail using a Scanning Electron
Microscope (SEM), and the corresponding wear mechanisms were identified. Five wear
tests were performed for each specimen, and the results were evaluated based on the
average values obtained. To investigate the corrosion behaviour of Al15754 aluminium
composites, an immersion corrosion test was conducted in a mixed solution of 3.5%
NaCl and 3.5% HCI, using the glass containers shown in Figure 4. The initial weights
and surface areas of all specimens were measured before immersion. The specimens
were left in the solution for 3, 6, and 24 hours, respectively. At the end of each exposure
period, the specimens were reweighed, and their surface measurements were recorded.
Images of the corrosion specimens before and after immersion in 3.5% NaCl and 3.5%

NaCl + HCI solutions are presented in Figure 5.
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Figure 4

Immersion of the specimens.

Figure 5
Appearance of the deformed-rolled Al5754 composites before and after the immersion

corrosion test.
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Characterization Results and Discussion

The X-ray diffraction (XRD) analyses of the as-cast unreinforced specimen and the
composites reinforced with 0.5% GNP and 15% B,C are presented in Figures 6(a-c).
According to these results, when the alloy and composites are evaluated as a whole, the
presence of binary intermetallic phases formed by Al, Cu, Mn, Mg, B, Cr, Ni, Zn, and C,
namely AIMn, AlFe, and B4C intermetallic, was identified. The findings are consistent
with the literature (Hamid et al., 2025).
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Figure 6

(a) X-ray diffraction analysis of the as-cast specimen, (b) the 0.5% GNP-reinforced

specimen, and (c) the 15% B C-reinforced specimen.
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The optical microscope images of the as-cast alloy and composite specimens are
presented in Figure 7. In Figure 7(a), the microstructure of the as-cast A15754 specimen
exhibits a typical granular morphology consisting of randomly distributed, irregularly
shaped, and large intermetallic particles, along with evidence of dendritic structure
formation. In Figures 7(b) and 7(c), the microstructure of the Al5754 composites
containing GNP and B,C shows that both reinforcements are uniformly distributed as
dark-coloured phases within the matrix. The exceptionally uniform distribution of B,C
results in higher hardness values for this specimen than for either the other reinforced
samples or the unreinforced alloy (Figure 8). As observed, B,C particles appear dark and
exhibit a regular distribution throughout the microstructure. In the microstructure of the
AAS5754 composite reinforced with 0.5% GNP and 15% B,C, the dark and homogeneous
distribution of the reinforcements has also been reported. Furthermore, the increase in
hardness observed for the specimen reinforced with 0.5% GNP + 15% B,C is evident in
Figure 8 (Liu et al., 2024).

I Melik Cetin, Hayrettin AHLATCI, Kenza DJEBARI m



Innovative Approaches in Materials Science and Applications

Figure 7
Optical microscope images of (a) as-cast A45754, (b) the 1% GNP + 15% B,C
composite, and (c) the 0.5% GNP + 15% B C composite.

As shown in Figure 8, the highest hardness was measured for the composite specimen
reinforced with 1% GNP and 15% B,C, yielding 86.54 HB. This was followed by the
specimen reinforced with 0.5% GNP + 15% B,C, which exhibited a hardness of 73.6
HB. The specimens reinforced with 15% B,C and 0.5% GNP, as well as the unreinforced
specimen, showed hardness values of 53.4 HB, 49.2 HB, and 47.4 HB, respectively. The
superior hardness of the as-cast specimen containing 1% GNP + 15% B,C is attributed
to the combined effect of GNP and B,C reinforcement, as well as the presence of B,C
in the microstructure, which is evident in the X-ray diffraction patterns shown in Figure
6. Although B,C is present in the microstructures of both specimens shown in Figure
6, the combined effect of 0.5% GNP + 15% B,C in the initially produced composite
is determined to be more influential than the individual contributions of 15% B,C or
0.5% GNP alone. Examination of the XRD profiles (Figure 6) reveals that the common

diffraction peaks in all specimens correspond to Al, AIMn, and AlFe phases.

Upon further evaluation of Figure 8, the highest hardness value was again observed
for the composite specimen reinforced with 1% GNP + 15% B.C, at 87.4 HB. The
specimen containing 0.5% GNP + 15% B4C exhibited a hardness of 8§2.33 HB, while the
composites reinforced with 15% B4C and 0.5% GNP, and the unreinforced specimen,
recorded hardness values of 77.6 HB, 72.6 HB, and 66.2 HB, respectively.
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Figure 8
Average hardness variation of the as-cast unreinforced and composite specimens.
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According to Figure 8, the hardness of the unreinforced AA5754 specimen produced by
stir casting was measured as 47.35 HB. The addition of 0.5% GNP to A15754 increased
the hardness by 1.01 HB, to 49.17 HB. The hardness of the specimen reinforced with
0.5% GNP + 15% B,C increased 1.56-fold compared with unreinforced AAS5754,
reaching 73.7 HB. When the nano-reinforcement ratio was 1% GNP + 15% B,C and
15% B,C alone, the hardness increased relative to unreinforced AA5754, yielding values
of 86.45 HB and 53.36 HB, respectively. The comparison of hardness values clearly
shows that the highest hardness was obtained in the specimens reinforced with 1% GNP
and 15% B,C. After the addition of 1% GNP + 15% B,C, the hardness of the composite

increased approximately 1.83 times compared with the unprocessed A15754.

From the graphs, it can be observed that adding GNP and B4C to A15754 significantly
increases hardness. The results indicate that the maximum hardness improvement occurs
with a volumetric addition of 1% GNP and 15% B,C, whereas varying the reinforcement
ratio decreases hardness. This behavior can be explained by increased porosity due to the
combined reinforcement effect and, in the case of the 1% GNP nanocomposite, potential
GNP agglomeration/clustering (Liu et al., 2024). The presence of tough reinforcement
phases within AA5754+15% B,C, AA5754+0.5% GNP+15% BaC, and AA5754+1%
GNP+15% B,C also contributed to increased hardness values. Literature reports confirm
that similar trends have been observed in numerous studies (Wang et al., 2021; Sivakaruna
et al., 2017; Rebba et.al., 2014). Figure 9 illustrates the effect of different reinforcement
types (GNP and B,C) on the hardness of specimens heat-treated at 300 °C.
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Figure 9
Effect of the 300 °C recrystallization treatment on the hardness of the 30% cold-rolled
specimens.
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Examination of Figures 10 and 11 shows the steady-state wear rates of the unreinforced
and nano-reinforced composites after 30% cold-rolling, followed by a recrystallization
heat treatment. As seen in Figure 10, after a sliding distance of 1000 m, the nano-
reinforced composite containing 0.5% GNP + 15% B,C exhibited the highest at 0.022
g, while the composite containing 1% GNP + 15% B,C showed the lowest wear loss
at 0.016 g. Overall, it can be stated that the 30% cold-rolling + recrystallization heat
treatment improved the wear-loss performance of both the 0.5% GNP + 15% B,C and
1% GNP + 15% B4C nano-reinforced composites and simultaneously enhanced their
mechanical strength.

When the hardness and steady-state wear rates (g/m) of the specimens subjected to 30%
rolling + recrystallization are evaluated together (Figure 11), the unreinforced AA5754
specimen, which had the lowest hardness (65.25 HV), exhibited a steady-state wear rate
0f 0.000017814 g/m. In contrast, the AA5754 + 1% GNP + 15% B4C composite, which
had the highest hardness (90.99 HV), showed a wear rate of 0.000014943 g/m. However,
the composite with the second-highest hardness (86.28 HV), AA5754 + 0.5% GNP +
15% B,C, exhibited the highest wear rate of 0.000021071 g/m. These findings indicate
that although 30% rolling + recrystallization increased the hardness of the specimens, it

also increased their wear rates.

Literature reports (Baradeswaran et al., 2014). indicate that BsC-reinforced composites
generally exhibit higher wear loss compared to GNP-reinforced ones. The dry sliding
test results in this study similarly demonstrate that the addition of 0.5% GNP is more
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effective than 15% B,C in improving wear resistance. High amounts of B4C alone are
believed to make the composite more brittle, thereby reducing its resistance to wear.
Graphene’s high wear resistance and solid-lubrication behaviour reduce friction during
sliding, thereby decreasing wear loss. shows that using B,C up to 5% improves wear
behaviour, whereas increasing the B,C ratio beyond this level negatively affects wear

performance. (Sathish Kumar et al., 2020).

Figure 10

of the specimens subjected to 30% cold rolling and recrystallization treatment.
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Figure 11
Steady-state wear rate of specimens subjected to 30% cold rolling and recrystallization
treatment.
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The reciprocating wear tests conducted in this study enabled a comparative evaluation

of the wear performance of specimens processed with different reinforcement materials
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(GNP graphene nanoplatelets and 15% B,C boron carbide) and subjected to various
thermomechanical treatments. The findings demonstrate that the reinforcement phases
and thermomechanical processing significantly influence microstructural integrity,
hardness, and wear resistance. Compared with the unprocessed specimen, all GNP-
and B4C-reinforced specimens exhibited lower es. Notably, the specimen containing
1% GNP + 15% B4C showed a total of 0.0167 g at the end of the sliding distance,
indicating a clear improvement over the unreinforced 5754 Al specimen. This result is
consistent with the literature. According to Tang et al., aluminium matrix composites
reinforced with graphene exhibit substantially enhanced tribological properties, where
the formation of a transfer film on the sliding surface increases wear resistance (Chawla
et al., 2006).

The addition of boron carbide also resulted in significant improvements in hardness.
The 15% B,C specimen, with a hardness of 75.45 HB, demonstrated greater structural
resistance than the unreinforced specimen. This increase in hardness reduced surface
deformation during wear. According to Chawla, harder surfaces exhibit greater resistance

to mechanisms such as micro-cutting and plastic deformation (Kumar et al., 2015).

Specimens subjected to rolling generally exhibited lower steady-state wear rates. The
15% B,C specimen exhibited a steady-state wear rate of 0.00002005 g/m, indicating
improved performance compared to the unprocessed specimen. Kumar and Srivastava
reported that grain refinement and a more homogeneous microstructure after rolling

improve surface strength and reduce wear (Tjong et al., 2007).

The results obtained from heat-treated specimens were also highly favourable. The
specimen reinforced with 1% GNP + 15% B,C exhibited the best performance, with
a steady-state wear rate of 0.000014943 g/m and a hardness of 90.99 HB. According
to Tjong, precipitation structures formed after heat treatment promote a more stable
distribution of reinforcement phases within the matrix, thereby enhancing wear resistance
(Zhang et al.,2014).

The obtained findings show that both the amount of reinforcement and the applied
thermomechanical treatments have a direct influence on wear performance. However,
improvements become limited beyond a certain level of reinforcement. This behaviour
is attributed to phase saturation and the deterioration of distribution homogeneity. Zhang
and Chen reported similar observations in the wear analyses of graphene-reinforced
composites (Mishra et al., 2005). The average steady-state coefficient of friction for
specimens subjected to a 30% rolling + recrystallization heat treatment is shown in Figure
12. Although the 30% rolled specimens, the 30% rolled + recrystallized specimens, and
the as-cast specimens exhibited similar trends in friction coefficient, the overall steady-

state friction coefficient values were lower in the 30% rolled + recrystallized specimens.
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Figure 12
Average steady-state friction coefficient of specimens subjected to 30% cold rolling
and recrystallization.
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The friction coefficient values obtained from different reinforcement materials and
processing routes (as-cast condition, 30% cold rolling, and recrystallization heat
treatment) were comparatively evaluated in this study. The friction coefficient is a critical
parameter for understanding how surface properties and interfacial interactions influence
wear behaviour. Compared with the as-cast matrix material, lower friction coefficient
values were generally observed in the hybrid-reinforced composites (0.5% GNP + 15%
B,C and 1% GNP + 15% B,C). This behaviour may be attributed to the formation of a
protective surface film by the reinforcement phases or to increases in microhardness, both
of which reduce surface contact (Tang et al.,2017). Similarly, after 30% rolling, notable
variations in friction coefficient values were observed depending on the reinforcement
type and amount. In particular, the composite containing 1% GNP + 15% B4C exhibited
lower friction coefficients under most loading conditions than the composite containing
0.5% GNP + 15% B.4C, indicating that cold rolling improves reinforcement distribution
and enhances frictional resistance. This observation is consistent with the literature,
which reports that plastic deformation enhances the homogeneity of reinforcement

particle dispersion (Zhou et al., 2018).

In the specimens subjected to recrystallization heat treatment, friction coefficient values
were generally lower and more stable. This is attributed to heat treatment’s ability to
refine and reorganize the grain structure, thereby reducing surface energy and limiting
surface wear. The friction coefficient values of the 0.5% GNP + 15% B,C and 1% GNP
+ 15% B,C specimens after heat treatment further indicate a synergistic effect of hybrid

reinforcement on surface behaviour (Rajmohan et al., 2013).

Figure 13 presents the SEM images of the dry-sliding wear surfaces of the AA5754 +
0.5% GNP + 15% B4C + 30% cold rolled + recrystallized composite and the AA5754
+ 1% GNP + 15% B4C + 30% cold rolled + recrystallized composite. In the composite
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reinforced with 1% GNP and 15% B,C, subjected to cold rolling and recrystallization,
mild abrasive wear was observed on the worn surface. A high carbon/graphene signal
was detected on the worn region, indicating the presence of reduced graphene oxide
particles after wear. This suggests that GNP particles detached during wear reattached to

the surface, influencing the wear characteristics.

Examination of Figure 13 further shows that adhesive wear dominates the worn surface
of the AA5754 +0.5% GNP + 15% B,C + 30% cold rolled + recrystallized composite.
This adhesion-dominated wear mode is typically associated with the transfer of counter-
material particles (originating from the steel ball) onto the specimen surface during
sliding. The presence of oxygen in the structure shown in Figure 14 was confirmed
by EDX analysis. Regions 1-7 contain high Al levels, corresponding to the matrix.
Examination of Figure 14 shows that EDX analysis performed on the worn surface of the
AAS5754 + 1% GNP + 15% B,C composite revealed a high carbon content in region 4.
The increased elemental carbon content is associated with complete particle fracture and
pullout from the matrix, leading to the formation of a brittle interfacial layer and crack-
assisted wear. Additionally, carbon detachment from widely distributed B,C particles
contributed to adhesion, thereby increasing the wear rate. In regions labelled 3, the high
Mg concentration indicates the formation of a thick MgO layer on the surface, which
contributed to increased mass loss.

Figure 13

SEM images of the wear surfaces of the as-cast unreinforced and composite specimens.

30% cold rolling
untreated
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Figure 14
SEM—-EDAX elemental analysis of the most severely worn specimen containing 0.5%
GNP + 15% B C after 30% rolling and recrystallization.
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to 30% rolling and recrystallization are presented in Figure 15. Examination of Figure 15
shows that the unreinforced AA5754 specimen experienced a value of 0.01849784 mg/
dm?. The composite with the highest value was the AA5754 + 0.5% GNP specimen, with
a value 0f 0.02955899 mg/dm?. The of the AA5754 + 15% B4C composite specimen was
measured as 0.0202653 mg/dm?, while the AA5754 + 0.5% GNP + 15% B4C composite
exhibited a 0 0.02937684 mg/dm?. The lowest value was observed in the AA5754 + 1%
GNP + 15% B4C composite specimen, at 0.01594177 mg/dm?.

Figure 15
of specimens subjected to 30% rolling and recrystallization after the 24-hour immersion
corrosion test.
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The corrosion behaviour of Al5754 aluminium matrix composites reinforced with
different proportions of graphene nanoplatelets (GNP) and boron carbide (B4C) was
evaluated in this study using the immersion method. The tests were carried out on
specimens subjected to 30% rolling followed by recrystallization heat treatment. The
corrosion rate (mg/dm?), calculated from, was used as the basis for discussion. In
immersion tests using a more aggressive solution prepared by adding HCI to NaCl, the
acidic medium rapidly activated the electrochemical cells, leading to significant mass
loss. This finding is consistent with the literature, which reports that aluminium alloys
exhibit more severe localized corrosion (particularly pitting corrosion) in NaCl + HCl
environments (Nagaral et al., 2015, El Garchani et al., 2024).

Among the as-cast composites, the lowest corrosion rate was observed in the unreinforced
Al5754 specimen, at 0.011 mg/dm?. The addition of individual GNP and/or B4C to the
Al5754 matrix increased corrosion rates. The highest corrosion rate, 0.029 mg/dm?,
was recorded for the A15754 + 0.5% GNP composite. This behaviour can be explained
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by the possibility that GNP promotes the formation of anodic—cathodic cells, thereby
accelerating microgalvanic corrosion (Zheng et al.,2021). Interestingly, however, in the
composites containing A15754 + 0.5% GNP + 15% B4C and A15754 + 1% GNP + 15%
B.4C, the increase in corrosion rate remained more limited, and the corrosion values were
comparatively lower. This suggests that a synergistic interaction between GNP and B4C

may partly contribute to improved corrosion resistance.

The observed increase in corrosion rate in specimens subjected to 30% cold rolling
can be attributed to the higher density of grain boundaries, accumulation of internal
stresses, and formation of microcracks during cold rolling, which increases the surface
area exposed to the corrosive medium (Yu et al., 2018). Notably, the A15754 + 0.5%
GNP composite exhibited a markedly higher corrosion rate of 0.050 mg/dm? The
heterogeneous distribution of GNP on the surface and the microstructural differences it

introduces may contribute to this increase.

In the specimens subjected to 30% rolling followed by recrystallization heat treatment,
a reduction in corrosion rates was observed in some cases. This can be attributed to heat
treatment’s ability to relieve microstresses, reorganize grain boundaries, and improve
surface homogeneity (Tang et al.,2017). For example, the corrosion rate of the 30%
cold-rolled unreinforced AA5754 specimen decreased to 0.018 mg/dm?, whereas the
AA5754 + 1% GNP + 15% B4C composite exhibited the lowest corrosion rate at 0.015
mg/dm?. This result indicates that the appropriate combination of reinforcement content
and recrystallization heat treatment can enhance corrosion resistance. When used alone,
GNP may reduce corrosion resistance due to microgalvanic cell formation; however, its
use in combination with B4sC may help mitigate this effect. The 30% cold rolling process
increases structural stresses and surface defects, thereby increasing corrosion rates;
therefore, an appropriate post-cold rolling heat treatment is essential. The AA5754 + 1%
GNP + 15% B4C composite, after 30% cold rolling and recrystallization, exhibited the

best corrosion resistance and can be considered the optimum reinforcement combination.

Figures 16 and 17 show that, at the beginning of the test, the primary corrosion attack
in both undeformed and deformed specimens occurred around Si-rich intermetallic
particles, while Fe-rich particles remained unreactive. Local corrosion around Si-rich
constituents led to cavitation around these particles, consistent with previous observations
(Eckermann et al.,2008). As exposure time increased, crystallographically enlarged pits
were observed more frequently in the original material compared with the deformed
regions. Such crystallographically enlarged pits, bounded by steep walls of the crystal
lattice, have been reported in Al and Al alloys, and their pit-growth kinetics have been
previously described (Eckermann et al.,2008; Zaid et al., 2008). Furthermore, in acidic
chloride-containing solutions, corrosion tunnelling has been identified as the dominant

mode of pit propagation (Eckermann et al.,2008).
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Considering the corrosion behaviour in chloride-containing solutions, the chemical
composition of coarse particles is also essential. The Si-rich coarse intermetallic
observed in AA5754 also contained Mg and Al. Previous reports have clearly shown that
Mg dissolves rapidly from intermetallic particles during exposure, leading to their rapid
disintegration (Yasakau et al., 2007; Zhu et al., 2018). The findings of earlier studies (Zhu
et al., 2018, Zheng et al.,2020) explain the dissolution mechanism of Mg and Al from
coarse particles predominantly composed of Mg and Si in AI-Mg—Si alloys. The results
of this investigation demonstrate that, at the beginning of immersion, preferential and
selective dissolution of Mg occurs, which alters the Volta potential of the particle. This
transformation changes the nature of Mg-containing particles from anodic to cathodic,
thereby forming a galvanic couple with the Al matrix. As these locally formed galvanic
cells approach equilibrium, the cathodic particle promotes the galvanic dissolution of the

anodic matrix, resulting in matrix corrosion.

The increased dislocation density near the coarse particles promotes corrosion reactions,
leading to more pronounced trench formation around Mg- and Si-rich particles. This
behavior is attributed to the higher dislocation density formed in the bent (deformed)
region of the specimen, which, due to its less regular structure, facilitates the propagation
of deeper pits (Brunner et al.,2010, Pouraliakbar et al., 201).
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Figure 16

SEM—-EDAX elemental analysis of the surface of the as-cast unreinforced specimen,
showing the lowest corrosion.
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Figure 17
SEM—-EDAX elemental analysis of the surface of the AA5754 + 15% B+C composite

specimen rolled by 30% showing the lowest corrosion.
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Introduction

The crankshaft is the metal rod on which the engine pistons are mounted. The crankshaft
converts the linear motion from the pistons into rotary motion using a simple formula,
thus becoming the primary hub for all rotational power transmitted to the wheels.
Nitriding is the diffusion of nitrogen onto the steel surface, resulting in the formation of a
hard, highly wear-resistant layer on the material’s surface. Every material has a nitriding
capability. Nitriding increases corrosion resistance and fatigue strength in some steels
(Polat et al., 2011; Winter et al., 2013; Chen et al., 2019).

Wear is one of the types of damage that reduces the operating efficiency of machine
elements and increases production costs. With the advancement of technology from past
to present, the operating tolerances of machine elements have decreased significantly,
more complex and precise parts are needed, and damage investigations due to wear have
become very important as a result of the necessity to work with low error in the aviation,
space and defense fields (Castro et al., 2007; Whitney et al., 1986).

This study investigated the effects of gas nitriding on the mechanical properties of a
crankshaft. For this purpose, the crankshaft was subjected to gas nitriding at 520°C for 15
hours. Following the gas nitriding process, hardness and microstructure characterization
studies were conducted separately on unnitrated and nitrided samples. Wear tests on the
examined samples were conducted in a reciprocating wear tester under loads of 20N, 40N,
and 60N. The tests revealed that the nitriding process applied to the crankshafts resulted

in an approximately 20% increase in the wear resistance of the examined samples.

Materials and Methods
Gas Nitration

The chemical composition of the crankshaft used in the studies is given in Table 1. The
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nitriding process of the steels was carried out at the Manksan A.S. facilities. The process
involved nitriding to prevent white layer formation. The nitriding process was carried

out in the oven shown in Figure 1. under an ammonia atmosphere at 520°C for 15 hours.

Table 1

Chemical analysis results of the examined sample

C Si Mo Cr Mn P S
0,41 0,33 0,19 0,99 0,62 0,021 0,019

In the gas nitriding process, ammonia gas is introduced into the furnace. The system
calculates the adequacy of the gas based on the furnace volume and the delivered gas
flow. The furnace heats up to 520°C in approximately four hours. To achieve the Kn
value, which depends on the amount of ammonia decomposition during all process
steps, the system’s temperature and gas flow are controlled. Additionally, the ammonia
decomposer in the furnace breaks down the ammonia. When the temperature reaches
520°C, the nitriding process begins. Meanwhile, the ammonia released into the
environment continues to decompose. After the nitriding process, the cooling fan is
automatically activated, and the system cools to 100°C in approximately four hours. The
entire nitriding process takes approximately 23 hours; however, the actual nitriding time

is 15 hours, excluding the system’s heating and cooling periods.

Figure 1

Gas nitriding furnace and its working principle

Microstructural And Mechanical Characterization
For metallographic processing, a 25x15x10 mm sample was cut from the crankshaft.
The prepared samples were prepared for polishing by grinding to a 400-2500 mesh and
polished with 3 micron AI203. Microstructure images were taken after etching with
3% nital. Microstructure images were taken longitudinally and in cross-section using a
Nikon Eclipse 200 optical light microscope (Figure 2).
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Figure 2

Sanding device (a) and optical microscope (b)

Hardness measurements were taken on the surface of nitrided crankshaft samples using
a Vickers hardness tester at five different loads ranging from 0.20 to 5 kg. A picture of
the test device is shown in Figure 3. During the test, hardness was measured at HV 0.5

using a diamond square pyramid tip with a 136° apex angle.

Figure 3

Vickers Hardness Tester

During the wear tests of the examined samples, 100Cr6 ball bearings and a 25x15x10
mm test sample were used as counter materials. The samples were designed to travel
an average of 3 m under loads of 20N, 40N, and 60N. Dry-weather wear tests were
conducted on the reciprocating wear device shown in Figure 4. Before and after the
tests, the samples were weighed on an electronic scale with a precision of 0.0001 g, and
the test results were evaluated according to weight loss. After the wear tests, the sample
surfaces were examined with a scanning electron microscope (SEM) to determine the

wear mechanisms, and surface roughness was measured with a profilometer.
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Figure 4

Reciprocating wear device

Characterization Results and Discussion
The microstructure images of the steel examined before and after nitriding are given
in Table 2. An examination of the figure reveals tempered martensite phases in the pre-
nitridation microstructure. An examination of the post-nitridation microstructure images
(Table 2) reveals a more equiaxed grain structure. This is thought to be due to the nitriding

process being carried out at 520°C and then slowly cooling to 100°C over 4 hours.

Table 2
Optical Microscope (LOM) and Scanning Electron Microscope (SEM) images of the

examined alloys

Non-nitrided Nitrided

LOM

SEM

As mentioned in the literature, the low amount of strong nitride formers such as Cr and
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Mo in the chemical composition of the crankshaft sample and the complete absence of V
in the chemical analysis play a major role in the absence of a diffusion layer. The average
thickness of the white layer seen in Figure 5 was measured as 23 um. The SEM images

shown in Figure 6 also support this view.

Figure 5
Optical microscope image of the nitriding layer.

Figure 6
SEM image of the nitriding layer.

20 pm

Mag= S00KX jp——08 4

The average hardness value of the examined crankshafts without nitriding is 384 HVO0.5.
Table 3 shows the hardness values and indentation depths of the nitrided samples at
different loads. A Vickers hardness indentation taken from the surface of the nitrided
sample under a 5 kg load indicates that the indentation layer has passed through and

reached the base material.
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Table 3

Hardness results obtained from the nitriding layer

Applied Load Hardness Trace Depth (um)
0,20 741 4,52
0,50 549 8,30
1,00 471 12,69
5,00 416 30,09

In the study, wear tests were applied to nitrided and non-nitrided crankshafts under 20-
60N loads and a sliding distance of 1-4 m. As a result of the wear test, weight losses were
determined before and after the test using an electronic scale with a sensitivity of 0.0001
g (0.1 mg) and were proportional to the sliding distance. Figure 7 shows the weight loss
graph for the non-nitrided material, while Figure 8 shows the weight loss graph for the
nitrided sample.

Figure 7
Weight loss graph of samples non-nitrided
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As seen in Figure 7, the non-nitrided samples experienced a weight loss that initially
increased up to 1 meter and then varied linearly with the applied load and distance
travelled. An examination of the weight loss graph of the nitrided samples (Figure 8)
reveals a weight loss that varies linearly with the applied load and distance traveled.
Examining these figures, it can be concluded that the nitrided samples exhibited less
weight loss compared to the non-nitrided samples. The wear resistance of the sample
increased by approximately 20% after the nitriding heat treatment. The wear behaviour
of the examined crankshaft depends on the applied nitriding heat treatment, the applied
load, and the hardness of the crankshaft. As a result, the hardness of the crankshaft

increases, and therefore, its wear resistance also increases (Telesang et al., 2015; Uzun,
2002).
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As the distance traveled during the wear test on crankshaft samples increases, weight
loss increases. Wear rates were calculated by proportioning these weight losses to the

sliding distance. Figure 9 shows the wear rate graph.

Figure 8
Wear rate graph depending on applied load
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SEM images and EDX results of the worn surfaces of the non-nitrated and nitrided
samples subjected to wear under 20 N and 60 N loads after the wear test are given in
Tables 4 and 5, respectively. The samples subjected to wear under a 20 N load were
relatively narrow and shallow in depth. The samples subjected to wear under a 60 N load

were observed to have wider and deeper scars.

Figure 9
Weight loss graph of nitrided samples
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Table 4
SEM Image and EDX Results of Worn Surface for Non-Nitrided Samples

EDS

1 13.68 | 2.27 | 4236 | 0.73 | 0.08 | 0.12 | 0.12 | 0.56 | 40.08

2 370 | 065 | 0.27 | 0.10 | 0.02 | 0.17 | 0.26 | 1.03 | 93.80

3 1443 | 1.36 | 37.86| 0.75 | 0.20 | 0.47 | 0.17 | 0.00 | 44.75

20N

4 5965|1228 |22.10| 1.91 | 0.88 | 0.90 | 0.00 | 0.56 | 1.72

Selected
. ¢ N O | Na S Cl | Cr | Mo | Fe
Points
1 269 | 1.16 | 31.68 | 0.00 | 0.07 | 0.00 | 0.00 | 0.00 | 64.40

2 48.40| 5.03 [29.68 | 6.35 | 0.64 | 5.71 | 0.06 | 0.10 | 4.02

3 370 | 1.38 | 2.80 | 045 | 0.01 | 0.09 | 0.00 | 0.11 | 91.47

4 71.48 | 5.02 | 19.07| 0.74 | 096 | 1.17 | 0.00 | 0.31 | 1.25

Table 5
SEM Image and EDX Results of Worn Surface for Nitrided Samples
EDS
Selected.
K C N o] NA S CI Ci M F
r n e
1 48.81 | 10.01 | 14.66|2.74 | 0.71 | 18.63 | 0.00 | 0.41 | 4.03
20 N 2 4.02 1.08 | 30.94 | 0.02 | 0.00 | 0.02 | 0.34|0.27 | 63.32
3 520 | 096 | 7.42 | 0.00| 0.05| 0.00 [ 0.11 | 0.66 | 85.60
4 18.88 | 0.00 | 18.36|0.26 | 0.00| 0.78 | 0.36 | 0.25| 61.10
W C N (o] Na S Cl Cr Mn Fe
60 N 1 8.80 2.70 4447 | 027 | 0.00 | 0.53 | 0.23 | 0.00 | 43.01
2 17.73 2.55 3.22 023|004 | 038|003 | 165 | 74.17
3 58.55 13.50 | 21.33 | 0.61 | 0.77 | 1.84 | 0.44 | 0.00 297
4 2.95 0.76 11.19 | 0.00 | 0.00 | 0.08 | 0.17 | 0.63 | 84.21

In nitrided samples, under low and high loads, mild adhesion fracture marks were
observed, and fine grooves formed at the location marked with the arrow in Table 5
(20N). In non-nitrated samples, under high loads, fragments broke off from the surface
in the circled area (60N) in Table 4, and coarse grooves formed at the location marked
with the arrow indicate excessive fracture. While deep and wide grooves formed after

abrasion in the non-nitrated sample (Table 4) under a 60N load, finer grooves were
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observed in the nitrided sample marked with the arrow in Table 5. Furthermore, under
a 60N load, localized abrasive tearing and ruptures occurred in the nitrided sample,
and it was determined that an oxide film had formed on the surface following this
localized abrasion test. The formation of the oxide film increased wear resistance. The
formation and propagation of surface cracks with a high degree of fracture at high loads
are symptoms of fragment breakage resulting from the formation and propagation of
severely fractured surfaces (Uma et al., 1999; Wang et al., 2020; Qiang et al., 2000).
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Introduction
One of the most important sectors of the energy that determines the prosperity of a
country is energy. The human equivalent of energy today is primarily electricity. The
majority of global electricity is produced in various types of power plants, including
thermal, natural gas, nuclear, solar, wind, geothermal, and hydroelectric facilities.
Ensuring reliable, safe, and economical operation of the global nuclear reactor fleet
has consistently been a fundamental objective of the nuclear industry. The continuous
advancement of technology-particularly in the areas of innovative materials and nuclear
fuels-remains essential to achieving this goal. Over decades, extensive research and
operational experience have driven significant technological progress and generated
a comprehensive body of data and knowledge regarding the behavior of light water
reactors (LWRs) under both normal operating and accident conditions. In the aftermath
of the 2011 Great East Japan Earthquake and the subsequent tsunami that led to the
Fukushima Daiichi nuclear accident, improving the accident tolerance of light water

reactors (LWRs) became a central theme in international research and policy discussions.

The current atomic power industry depends on innovation and has a phenomenal record
of safety and functionality. Classic used UO, — zirconium combination framework
(for example, fuel bar) meets all presentation or wellbeing necessities while keeping
thermal power a financially serious clean-energy choice. Accident-tolerant fuel (ATF)
advancement is to distinguish elective fuel framework innovations for additional
improving the security, efficiency, and financial matters of business atomic power. Any
new fuel idea might be thought about in contrast to the current plan, functional, financial,
and security requirements to assess the administrative well-being consistency with
functional and monetary imperatives. It is necessary to carry out an extensive assessment

of the potential effects of ATF concepts across the whole nuclear fuel cycle.

The complex multi-physical science conduct of LWR atomic fuel makes characterizing
explicit material or plan upgrades troublesome. Subsequently, building up beneficial

execution credits is essential in directing the plan and advancement of fills and cladding
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with improved accident resistance. ATF plans would persevere through a serious
accident situation in the reactor center for a more drawn-out time of fuel framework
while keeping up with or further developing fuel execution during typical activities.
Key prerequisites for cutting-edge fills identify with atomic fuel execution, cladding

execution, and adherence to framework imperatives.

This document outlines a unified set of global metrics, standardized tests, and
representative severe accident scenarios for assessing ATF concepts across PWR, BWR,
and VVER reactor types. Derived from a comprehensive U.S. assessment framework
(Bragg-Sitton et al., 2016) and adapted for international use, the proposed methodology
evaluates each concept’s capability to achieve performance and safety objectives relative
to the conventional UOz—zirconium system. It also summarizes the current development
status of fuel performance and severe accident analysis codes to inform future model
enhancements, along with the internationally agreed accident scenarios for ATF
evaluation (Agency and OECD, 2018; Bragg-Sitton et al., 2016).

Design Limitations and Performance Objectives of ATF Systems
Enhanced Accident-Tolerant Fuels (ATFs) refer to advanced nuclear fuels designed to
endure severe reactor core accidents for a longer duration compared with the standard
UO:—zirconium alloy fuel system, while achieving comparable or superior performance
under normal and transient operating conditions. In order to evaluate their compliance
with regulatory safety requirements as well as operational and economic constraints,
each new fuel must be thoroughly assessed compared with existing economic, safety,
design, and operational criteria. The development and implementation of ATF concepts in
commercial nuclear reactors are subject to several limitations and constraints, including
those imposed by current nuclear fuel development and deployment practices.

® Backward compatibility: refers to the capacity of a new fuel design to be utilized
within existing and future Light Water Reactors (LWRs) without requiring
significant modifications. This includes compatibility with current fuel handling
systems, fuel rod and assembly geometries, as well as the ability to operate

alongside existing fuel types within the reactor core.

e Plant operations: refer to the requirement that new fuel designs should sustain or
extend existing plant operating cycles, reactor control system configurations, and
reactor power output. Any fuel system proposed for regulatory approval must
demonstrate reliable performance not only under normal operating conditions

but also during operational transients, i.e., anticipated operational occurrences.

® Safety: achieves performance comparable to or exceeding that of existing fuel

systems under normal operation.

e Front end of the nuclear fuel cycle: complies with equipment, regulatory,
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technical, and fuel performance requirements and rules.

® Back end of the nuclear fuel cycle: must not adversely affect the fuel’s
performance during transportation, interim wet or dry storage, or final disposal;

should consider usage inside a closed fuel cycle.
To estimate the possibilities of the fuel system being accepted by the industry, the
economics of a suggested ATF idea should be analyzed. However, because of high
uncertainty in fabrication costs and materials during this research period, evaluating
novel materials at early development stages is inherently challenging for ATFs.
Therefore, separating economic analyses from technical and safety evaluations is
essential for prioritizing fuel concepts. Technical performance results will serve as the
basis for subsequent assessments of economic viability, which may differ across regional
energy markets. It is important to emphasize that ensuring the economic viability of
new fuel concepts is crucial in terms of additional costs (such as fabrication expenses)
and potential cost savings achieved through enhanced performance, including higher
burn-up capability, extended operating cycles, power uprates, reduced waste generation,
or improved safety margins. Depending on the regulatory environment of the specific
country, this safety margin and higher performance may be an economic advantage in

terms of resource removal or plant equipment, risk reclassification (Lin et al., 2022).

Cladding Materials
Zirconium alloys, optimized through decades of LWR operation, remain the standard
cladding materials. For ATF applications, alternative claddings-ranging from ceramics
to metals-are being explored, each with unique material and neutronic characteristics.
These candidates require systematic evaluation to determine feasibility and identify
designs offering the best balance of properties and performance under both normal and
accident conditions (Radford, 1979).

The nuclear fuel rod cladding serves two primary functions:
e The nuclear fuel cladding primarily serves to contain the fissile material and
fission products within the fuel rod while maintaining compatibility with the
nuclear process.

e allow for effective thermal transfer from fuel to coolant.

All ideal qualities and behaviors will not be present in an actual cladding material. As
a result, a baseline for evaluating and assessing candidate materials that conforms to
the criteria given below must be developed. These measures will assist researchers in
making the optimal choice by analyzing the cladding material with the best combination

of features and behaviors (Oguma, 1982).

Loss-of-coolant accidents (LOCAs) constitute a well-studied category of reactor incidents
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and represent the scenarios for which protective systems and operational procedures are
primarily designed. As the term suggests, a LOCA occurs when coolant is lost from
the reactor system. Among these, a large-break LOCA (LBLOCA) represents the most
severe scenario, characterized by a double-ended rupture (guillotine failure). LBLOCAs

are generally defined for break areas exceeding 0.1 m? (Joyce, 2018).

In LOCA, the pressure within the primary circuit drives a rapid expulsion of coolant
from the reactor vessel-a phenomenon known as coolant blowdown-accompanied by a
swift depressurization of the system. This process may occur within a matter of seconds.
In the absence of effective mitigating measures, the reactor core may be deprived of
adequate cooling, rendering it susceptible to overheating, while a substantial quantity
of vaporized coolant may accumulate within the containment structure. Most remedial
strategies for mitigating the consequences of a large-break LOCA (LBLOCA) rely on
rapid and continuous delivery of emergency coolant to maintain core coverage and
prevent damage. These measures are typically designed to be implemented sequentially,

depending on the core’s pressurization status during blowdown.

Additional LOCA scenarios have been analyzed. For instance, if the rupture-and
consequently the coolant loss rate-is significantly lower than in the LBLOCA case, the
resulting events are classified as small-break LOCAs (SBLOCAs), generally associated
with break areas smaller than 0.1 m?. Although minor leaks capable of causing SBLOCAs
are more probable than a large pipe rupture, their consequences can nonetheless be

severe, even under slower coolant loss conditions.

Given the necessity of controlling decay heat, many LOCA scenarios are relevant not
only to operating reactors but also to freshly shut-down reactors. This is an important
consideration for LOCA countermeasures, as most LOCA events involve automatic
reactor shutdown triggered by core overpressure, excessive temperature, or low coolant
levels. Consequently, by the time LOCA mitigation measures are implemented, the
reactor is likely to be safely shut down, and the primary focus shifts to decay heat
management. Additional classifications, such as small LOCA (SLOCA) and medium-
break LOCA (MBLOCA), are used to describe coolant losses that do not result from
major pipe ruptures (Joyce, 2018).

Since light water serves as the primary coolant and moderator in most modern
commercial reactors, as well as in the majority of existing operational nuclear plants,
LOCAs have been extensively investigated in the context of Light Water Reactor (LWR)
design. Nonetheless, LOCA events remain plausible in any reactor design if the fuel is
vulnerable to overheating. Contemporary reactor designs often incorporate additional
features to mitigate LOCA risks, including reduced piping (to lower the probability of

pipe rupture) and enhanced countermeasure systems. Examples include passive natural
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circulation cooling, isolation cooling systems capable of sustained operation, auxiliary

make-up tanks, and high-pressure injection systems (Joyce, 2018).

Fuel Materials
UO:, enriched to about 4.0-4.95% 2*U, remains the standard fuel for water-cooled
reactors (PWRs, BWRs, and VVERs). ATF development explores both incremental
improvements to UO: and advanced alternatives with enhanced fission product retention.
Fuel performance and accident tolerance are assessed through material properties-thermal,
mechanical, chemical, and neutronic-which must be optimized considering their effects
on existing fuel systems and irradiation behavior. Due to complex interdependencies
among these variables, establishing quantitative target values for multiple attributes is
challenging; thus, any advanced fuel design requires assessment of the combined effects

of material characteristics to ensure reliable operation within the overall reactor system.

Thermal Properties of Light Water Reactor Fuel
The thermal properties of LWR fuel-such as melting point, conductivity, expansion, and
specific heat-govern its overall thermal behavior, which is also affected by fuel density
and porosity. These characteristics influence fission product release, fuel swelling,
and rod integrity. Fuel design must control swelling and emissions while maintaining
acceptable thermal performance under normal conditions before evaluating accident

tolerance. Desirable safety-enhancing trends for these properties are outlined below.

e Melting Point: A higher melting point is desirable, as it defines fuel performance
under AOOs, RIAs, and LOCA conditions. The temperature margin to melting
depends primarily on the melting point and thermal conductivity for a given
power level. Since alternative fuels may operate at different temperatures, the
margin between operating and melting temperatures is more critical than the

absolute melting temperature itself.

e Thermal Conductivity: High thermal conductivity is desirable, as it lowers
the fuel centerline temperature for a given linear power and thermal barriers
in the gap and cladding. Reduced centerline temperatures decrease diffusion-
driven processes, including fission gas release. Furthermore, lower thermal
energy storage at equivalent density and specific heat reduces fuel and cladding

temperatures during coolant failures.

e Specific Heat Capacity: A lower specific heat capacity is advantageous, as it
limits the energy retained in the fuel during accident conditions such as LOCAs
or DNB-related transients, thereby helping to reduce peak fuel temperatures in

rapid events.

® Pellet Density and Porosity: Pellet density influences the initial energy storage
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during LOCA events and affects DNB behavior under loss-of-flow conditions.
The type and distribution of porosity should be optimized to minimize fission gas

release, reduce fuel-water interaction, and enhance overall fuel performance.

o Coefficient of Thermal Expansion (CTE): A low thermal expansion coefficient
is desirable, as expansion strongly affects pellet—cladding interaction (PCI)
during overpower conditions, as excessive expansion can exacerbate mechanical
stresses between the pellet and cladding (Agency, N.E. and OECD, 2018).

VBER-300
The VBER-300 is a Russian type of reactor with a proposed generating capacity of 325
MWe, intended for deployment in remote areas. Its external containment structure stands
16 meters tall, while the operational section, constructed from transportable modules, has
a total weight of 1300 tonnes. Reactor plant of medium and low power VBER on thermal
neutrons, designed based on block marine pressurized water reactors, is an improved
setup, allowing it to be used as part of nuclear power plants for the production of heat
and electricity. Such energy sources are designed to provide energy to regions that are
not equipped with a centralized power supply. It’s possible to use power units as energy
sources as part of complexes for desalination of seawater. The VVER reactor plant
implements the mastered technologies of ship block reactors, verified by many years of
experience in operation in difficult navigation conditions, as well as the technology and

experience of operating VVER-type reactors (Agency, [.A.E., 2006).

A general view of the VBER-300 reactor plant is shown.

Figure 1
Schematic diagram of VBER-300 (Agency, 1. A.E., 2006)
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The power unit of VBER includes a reactor and steam turbine installations. The generation

and receipt of energy is carried out according to the traditional and proven scheme:

reactor plant-turbine-generator-power transmission line. For heat transfer, the necessary

thermal and mechanical equipment and thermal networks connecting the speaker with

the consumer are provided.

The main technical solutions of the VBER project:

Direct-flow SG (steam generator);
Sealed MCPs (main circulation pump);
Active zone of reduced energy intensity;

An optimal integration of passive and active safety systems.

What sets this project apart is its implementation of diverse, well-established technical

solutions derived from decades of experience in both naval reactor construction and
VVER-type reactors.

The main advantages of a VVER-type reactor plant include:

The possibility of using the technology for nuclear power plants.

Application of proven technologies of marine reactors, technical solutions of
VVER reactors;

Exclusion of the class of accidents of large and medium leaks, because there are

no large-diameter pipelines;
Increased strength and operability under;

Operational loads, achieved due to the circulation of the primary circuit coolant
through the connecting pipes of the main tract according to the “pipe in pipe”

scheme;

Minimum weight and size characteristics associated with the block execution
of the reactor, allowing for the reduction of construction volumes, material
consumption, and, as a result, achieving minimum capital investment, duration,

and cost of installation work;

The possibility of regulating the power range of the source using only standardized
VBER equipment (Dimitriev et al., 2020).

VBER-300 core’s the fuel assemblies (FAs) are shroudless and of the TVSA (Advanced
shroudless fuel assembly for VVER reactors) type (Fig. 2) (Samojlov et al., 2010).
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Figure 2
VBER 300 TVSA FA (Samojlov et al., 2010)

Thermal Calculation of the Reactor Core VBER 300

The input data for the calculation are presented in Table 1.

Table 1
Initial Data
Parameter Value
Qr MWt 917
P,,MPa 16.3
Tintet, °C 292
Toutiet- °C 327.5
AT, °C 21.4
AT;,°C 35.5
dfuei- mm 9.1
Type of fuel vo,
g Cladding Material Zrl10
6thicness of cladding mat. 0.685
gap 0.065
Npumber of fuel |nabsorbsion element number |ncenter 3 12‘ 18‘1
g Distance of fuel element, mm 12.75
g The distance between the faces of the fuel assembly, mm 4
a
=
2 Hp;
= m — high of core 12
demeter‘ of core
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Table 2 shows the thermophysical parameters of the coolant at the outlet and inlet of the

reactor.
Table 2
Thermophysical properties of the coolant
. . Parameter
Parameter Parameter Name, Dimension
Value
T Saturation temperature, °C 348.9
T .. Inlet Coolant Temperature, °C 292
T Outlet Coolant Temperature, °C 327.5
T, erage Average water temperature in the core, °C 309.75
. . K] 1294
inlet Enthalpy at the reactor inlet, g
outlet E 1498
! Enthalpy at the reactor outlet, &4
Ah Enthalpy change, g 204
Pintet The density of water at the reactor inlet, k_‘i 751.9
m
Poutet The density of water at the outlet of the reactor, % 659
p Average density of water in the core, k—‘ga 70545
average m
Hinnet Dynamic viscosity of the inlet coolant, Pa. s 9.37-10°
Mot Dynamic viscosity of the outlet coolant, Pa.s 7.72-107
M pyerage Average dynamic viscosity of water in the core, Pa.s | 8.54-107
kaverage Average thermal conductivity of water, Wa.tt 0.541
average The average number of Prandtl of water 0.92
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Given in Tables 1 and 2, the required calculations were carried out, and a nuclear fuel

simulation was developed using the ANSYS software package.

During the thermal calculation, the core parameters were determined, which are in good
agreement with the data (Table 3) for the VBER 300 reactor.

Table 3
Geometric characteristics of the active zone
m
Parameter D, m Hgzom | Nryel gssembiy Wcoomnt-?

Value 2.42 2.9 85 3

The distribution of temperatures along the height of the active zone makes it possible to

find the volumetric heat flux in the fuel pellet g, = 570 %

Using the volumetric heat release, the heat transfer coefficient from the outer surface of
fuel assembly — 37055

w
. —— and the coolant temperature near the fuel
convection m2.°C

the fuel element «
element wall (assumed to be average) Tpparage = 309,75°C, the temperature distribution

inside the fuel element in the center of the active zone (z=0) was obtained in Figure 3.

To reduce the volume of calculations, we neglect the calculations for emergency-
resistant fuel and claddings, since the thermal calculation and obtaining the temperature
distribution is similar for all types of fuel and claddings (only thermal conductivity

changes).
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Figure 3
Temperature distribution inside a fuel element with UO, and Zr+1%Nb cladding

HODRL SOLUTION hnsys
d

231.973 483.034 634.095 785.157 936.218
407.504 558.565 709.626 860.687 1011.75

When using classic fuel, the temperature in the center of the pellet was obtained
Teenter = 1011.75 °C. On the surface Tsyrrace = 558.5 °C, the temperature difference
between the pellet and the cladding is approximately 150 °C (in the gas gap).

The following shows the temperature distribution with UO,-5% Cr (CERMET) fuel and
a Zr+1%Nb cladding of standard thickness, while maintaining the gas gap between the
cladding and the pellet.

Figure 4
Temperature distribution inside a fuel element with U0, — 5%Cr (CERMET)

NODAL SOLUTION Ansys

Eg

45
385.35%

331.973 L] 585.518 T12.291 839.0
522.132 648,905 775.677 4902.45
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As illustrated in Figure 4, the temperature at the center of the fuel decreased by 109 °C
and amounted to 902.45 °C.

At the surface of the fuel pellet, the temperature decreased and amounted to 585.5 °C.

U0, + 5%Cr fuel showed better results compared to U0, which is attributed to its high
thermal conductivity.

According to the literature, the melting temperature of U0, is approximately 2865 °C
(Hausner, 1965). The maximum operating temperature for U0, in operation is 1011.75
°C. Since the operating temperature is lower than the melting temperature, we can say

that the fuel works safely in the reactor.

The melting point of Zr+1%Nb typically ranges between 1726.85 °C and 1976.85
°C, depending on the oxygen content and alloy. Just above 1726.85 °C, the Zr+1%Nb
cladding material can melt, in some cases, drain into the lower core regions (P6ml et
al., 2012). The operating temperature of the cladding is 331.973 °C, and it is safe for
operation as this operating temperature is lower than the melting temperature (1726.85
°C).

The operating temperature of fuel UO, + 5%Cr (CERMET) is 902.45 °C, which is safe

as it is lower than the melting temperature of uranium dioxide.

For a fuel element with U0, + 5%Cr and a zirconium cladding, there are no studies on
the diffusion contact between the cladding and fuel, although the swelling of this type of
fuel is less than that of dioxide, so it is not advisable to carry out the calculation without a
gas gap, as there is no evidence to suggest that Cr will not form intermetallic compounds
with Zr.

Conclusion
Figure 5
The temperature at the center of the fuel element depends on the fuel system
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As illustrated in Figure 5, the classical U05|Zr fuel system has the highest temperature
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compared with U0,-5% Cr fuel with Zr.

In the final qualifying work, the analysis of the ATF system was carried out, and thermal

calculations for the core were performed.

Materials (fuel and cladding) are proposed that can potentially be used in the VBER 300

project reactor.
The advantages that the ATF system provides are clearly shown:

e providing lower operating temperature;
® ensuring security.

In this study, the main geometric characteristics of the VBER 300 reactor plant were
considered, as well as the parameters of the fuel cycle, were indicated: the duration of

the campaign, the number of fuel assemblies, enrichment, etc.
The application of a block reactor in various fields of energy is considered.

Also, the study was devoted to an overview of the concepts of an accident-tolerant fuel
system. A review of various accident-resistant fissile materials and cladding materials
was carried out (their thermophysical properties, behavior in normal operating conditions

were described, and production technology was studied).

The second chapter contains the thermal calculation of the reactor core: determination
of the coolant velocity (3 m/s) and core geometry (D,, = 2.42m;H,, = 2.42 m),
determination of the number of fuel assemblies, determination of fuel temperatures for
different systems (902°C- 1011°C), and comparison of the obtained data with VVER
300.

The analysis and comparison of the temperature distribution configurations for U0,
U0, + 5%Cr fuels have been performed.

It can be said that they are safe for both Uranium dioxide and cladding, as well as
CERMET and cladding, because their operating temperatures are lower than their

melting (decomposition) temperatures.

Further research can be directed to a more detailed study of the strength characteristics

of ATF systems, as well as optimization of the process for their production.
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Introduction
Composite solid rocket propellants are a crucial technology in aerospace propulsion,
functioning as the primary propulsion system for a wide array of civilian and military
applications. Their significance stems from their capability to deliver high energy output
and reliability, essential for launching vehicles and tactical missiles (Bekhouche & Luo,
2014; Ling et al., 2025; Shi et al., 2025)

These propellants are heterogeneous mixtures engineered to combine multiple constituent
materials with distinct physical and chemical properties, producing materials with
characteristics significantly different from their individual components (Mourdikoudis,
Kostopoulou, & LaGrow, 2021). These propellants consist of a mixture that combines
oxidizers, such as ammonium perchlorate, fuels like aluminum powder, and binders such
as hydroxyl-terminated polybutadiene (HTPB), which together facilitate efficient energy
release during combustion (Bekhouche & Luo, 2014; Campos et al., 2010; Mingireanu,
Jula, Miclos, Baschir, & Savastru, 2018).

The mechanical properties and performance characteristics of composite solid rocket
propellants are vital for their effective use in different operational contexts. Their
formulation enables adaptability to various missions, illustrating their importance not
only in aerospace operations but also in defense strategies (Alemayehu & Solomon,
2020; Ling et al., 2025; Thakre & Yang, 2010).

Solid rocket motors employing these propellants are known for their simplicity and
operational reliability, making them a favored choice in both commercial and military
sectors (Lichthardt et al., 2022; Mingireanu et al., 2018; Unni et al., 2020). With ongoing
research aimed at enhancing their performance and safety attributes, composite solid
rocket propellants remain a focal point of advancement in propulsion technologies
(Runtu, Setiani, Utami, & Review, 2023; Said, Maraden, Elhedery, Abd Elall, &

I Selva ASTAN, Ahmet Bur¢in BATIBAY E



Innovative Approaches in Materials Science and Applications

Elbasuney, 2023).

Thus, composite solid rocket propellants symbolize a foundational technology in
aerospace propulsion, serving critical roles in numerous applications across both civilian
and military domains (Koizumi et al., 2010; Remissa et al., 2023; Singh & Shekhar,
2016).

The development of composite solid rocket propellants emerged from the need for reliable,
storable propulsion systems that could provide consistent performance across a wide
range of applications. The historical preference for ammonium perchlorate (AP) as the
oxidizer in composite propellants stems from its well-established thermal decomposition
characteristics and proven performance in flight applications. However, the combustion
of AP-based propellants produces undesirable byproducts, most notably hydrogen
chloride (HCl), which presents environmental and operational challenges (De Amicis,
Scalia, Accettura, & AERONAUTICS, 2008). This limitation has driven significant
research into alternative oxidizer systems, including ammonium dinitramide (ADN),
hydrazinium nitroformate (HNF), and ammonium nitrate (AN)-based formulations
(Elzaki & Zhang, 2016).

The evolution of composite solid rocket propellant technology has been characterized
by continuous refinement of component selection, processing methodologies, and
performance optimization. Modern propellant formulations increasingly incorporate
advanced additives and catalytic systems designed to enhance thermal decomposition
efficiency, improve combustion characteristics, and reduce environmental impact (Mani,
2025). The field has also witnessed the emergence of energetic binders—polymeric
materials that contribute to the overall energy content of the propellant rather than
serving merely as inert binding agents (Jarosz, Stolarczyk, Wawrzkiewicz-Jalowiecka,

Pawlus, & Miszczyszyn, 2019).

Fundamentals and Classification of Propellants
Primary explosives are very sensitive to initiation. They can be set off by friction,
impact, heat, electrical discharge, and shock. Secondary explosives, on the other hand,
are more powerful because they have higher detonation pressures and speeds. Even
though they are quite sensitive, primary explosives are employed a lot in the military
and in commercial settings (Agrawal, 2010; Arun Kumar, Purayil Dhanya, Venugopal,
Vargeese, & Krishnamurthy, 2024; Singh & Shekhar, 2016).

Propellants, which are also called low explosives, burn slowly and in a controlled way,
creating a lot of hot gases that can be used for a variety of explosive applications, such
as pushing projectiles (bullets, shells, rockets, or missiles). Propellants don’t explode

like primary explosives do. Instead, they burn, which creates heat (Agrawal, 2010;
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Arun Kumar et al., 2024). The classification of chemical propellants is based on their

respective physical states, which are liquid, solid, polymer, or hybrid (Mishra, 2017).

Solid propellants are favored over liquid propellants due to their safety, reliability,
simplicity, and long storage life (Agrawal, 2010; Mishra, 2017). It is important to note
that a solid propellant must have a minimum ignition temperature for ignition to occur.
The distribution of fuel and oxidizer in solid propellants can be broadly classified into
two categories: homogeneous (or colloidal), and heterogeneous. Fuel and oxidizer are
both present in the same molecule of homogeneous propellants. Solid fuel and oxidizer
maintain their respective physical identities in the context of heterogeneous propellants
(Mishra, 2017; Singh & Shekhar, 2016).

Homogeneous propellants, also known as double-base (DB) propellants, mainly consist
of nitrocellulose (NC) and nitroglycerine (NG). Additional substances are often added
in small quantities to enhance properties, serving as stabilizers, plasticizers, coolants,
lubricants, opacifiers, or burning-rate modifiers. These propellants are shaped using
extrusion or casting techniques and are commonly used in anti-tank missiles (Agrawal,
2010; Mishra, 2017).

Heterogeneous propellants primarily include composite propellants, which consist of
a fuel or binder and oxidizer. The binder, which forms the base matrix, retains solid
oxidizers like ammonium nitrate (AN) or ammonium perchlorate (AP). The choice of
binder is influenced by factors such as availability, cost, processing ease, and required
specific impulse (Isp) (Agrawal, 2010; Singh & Shekhar, 2016; Sutton & Biblarz, 2011).

Properties of Composite Solid Rocket Propellants (CSRPs)
Composite solid rocket propellants (CSRPs) are integral to modern propulsion systems,
widely utilized across military and civilian applications for their reliability, efficiency,
and adaptability. This discussion presents an in-depth exploration of the components,

formulation, performance characteristics, recent advancements, and future directions for
CSRPs (Singh & Shekhar, 2016).

Composite solid rocket propellants are engineered materials composed of multiple
discrete phases that function synergistically to produce controlled combustion and thrust
generation (De Amicis et al., 2008). Understanding the classification of propellants and
their respective advantages and limitations provides foundational context for CSRPs.
Each component plays a critical role in determining the propellant’s performance
characteristics, including burn rate, specific impulse, combustion stability, and

environmental compatibility (Singh & Shekhar, 2016).

Composite solid rocket propellants generally consist of a fuel component, an oxidizer,

and a polymer binder. Most commonly, hydroxyl-terminated polybutadiene (HTPB) is
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used as the binder due to its favorable mechanical properties and compatibility with
various additives (Bekhouche & Luo, 2014; Rao, Solanke, Bihari, Singh, & Bhattacharya,
2016). The oxidizing agent most frequently utilized in CSRP is ammonium perchlorate
(AP), which plays a critical role in enhancing the propellant’s energy output through
efficient combustion (Lu et al., 2023; Park, Choi, Kim, Kim, & Park, 2020).

Composite propellants differ from other types, such as double-base or homogeneous
propellants, by the incorporation of solid oxidizers mixed with metallic fuels within
a polymer matrix, resulting in heterogeneous structures (Navalino, Muda, Hafizah, &
Ruyat, 2024; Shekhar, 2012). This allows for tailored performance characteristics such

as burn rate, thrust, and stability.

Modern rockets and missiles mainly utilize composite propellants. These composite
propellants comprise three essential components: an organic polymer that acts as a
binder and a gas-generating combustible fuel; an oxygen-rich solid oxidizer that supplies
the requisite oxygen for oxidation; and a combustible metal additive that functions as
the primary source of additional thermal energy, thereby improving their performance
(Agrawal, 2010).

The integration of these components into a cohesive propellant formulation requires
careful consideration of particle size distribution, volume fraction of each constituent,
and the chemical compatibility between components. The heterogeneous nature of
composite propellants necessitates sophisticated processing techniques to ensure uniform
distribution of particles and consistent propellant properties throughout the grain (Singh
& Shekhar, 2016). Additionally, various additives are incorporated into the formulation
to enhance specific performance characteristics, including catalysts to accelerate oxidizer
decomposition, plasticizers to improve mechanical properties, and stabilizers to enhance

long-term storage stability (Agrawal, 2010).

Oxidizers of Composite Solid Rocket Propellants (CSRPs)
Oxidizer constitutes a vital element in composite propellants, accounting for more
than 70% of their mass. The essential attributes of an optimal oxidizer encompass
compatibility with other constituents, elevated oxygen content, little heat of creation,
high density, thermal stability, and low hygroscopicity. Safety in handling and extended
shelf life, which entails preserving its qualities without phase alterations, are critical
factors (De Amicis et al., 2008; Mani, 2025).

The oxidizer’s function is essential, as it influences the propellant’s physical, chemical,
and mechanical properties. Upon decomposition, the oxidizer releases oxygen,
facilitating the oxidation of the fuel, thereby generating the necessary energy through
exothermic reactions and yielding significant volumes of gas. Historically, various
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inorganic compounds, including sodium perchlorate and potassium perchlorate,
were evaluated; however, ammonium perchlorate (AP) has emerged as the primary
oxidizer for composite solid propellants, particularly in launch vehicles. The quest for
environmentally sustainable energetic oxidizers has led to the development of innovative
molecules, including dinitramide salts paired with diverse counter cations such as

ammonium, guanidinium, and hydrazinium (Agrawal, 2010; Sutton & Biblarz, 2011).

Ammonium perchlorate (NH4ClOa4) has historically dominated the composite solid rocket
propellant industry as the primary oxidizer of choice. With a density of 1.95 g/cm?,
AP provides excellent oxygen balance and well-characterized thermal decomposition
kinetics that have been extensively studied and optimized over decades of aerospace
applications. During combustion, AP undergoes thermal decomposition to release
oxygen-rich species, including nitrogen oxides and chlorine-containing compounds,
which subsequently participate in diffusive flame combustion with the fuel and binder
components (Chen, Xue, & Yu, 2024; De Amicis et al., 2008).

The thermal decomposition of AP is highly sensitive to the presence of additives, which
can significantly influence the decomposition temperature and reaction pathway (Mani,
2025). The primary limitation of AP-based propellants is the production of hydrogen
chloride (HCl) during combustion (De Amicis et al., 2008). The release of HCI presents
multiple challenges: environmental concerns regarding atmospheric chlorine chemistry,
corrosion issues in rocket engine hardware, and operational constraints related to exhaust
plume visibility and environmental regulations. These limitations have motivated
substantial research into alternative oxidizer systems that can provide comparable or
superior performance while eliminating or significantly reducing the production of toxic
chlorine-containing byproducts (Elzaki & Zhang, 2016; Gettwert, Tagliabue, & Weiser,
2017).

Ammonium dinitramide (ADN) represents a promising alternative to ammonium
perchlorate, offering the potential for significantly improved environmental performance
(Harimech, Salah, Amrousse, & Evaluation, 2025). ADN-based composite propellants
are attractive from an environmental perspective because their combustion products
do not include toxic chlorine-containing species (Elzaki & Zhang, 2016). The thermal
decomposition of ADN has been the subject of intensive research, with particular focus
on developing efficient catalyst systems to optimize decomposition kinetics and thermal
stability (Gettwert et al., 2017; Harimech et al., 2025).

Recent advances in ADN propellant technology have centered on the development of
sophisticated catalyst systems incorporating metal oxides, transition metal complexes,
and nanomaterials. Iron and copper oxides have emerged as particularly effective catalysts

for ADN decomposition, demonstrating the ability to significantly lower decomposition
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temperatures while maintaining thermal stability (Harimech et al., 2025). These catalytic
systems are crucial for developing energy-efficient ADN-based propellant compositions
that can achieve performance levels comparable to or exceeding those of conventional
AP-based formulations. The implementation of ADN as a replacement for AP requires
careful consideration of its different thermal and chemical properties. ADN exhibits
different decomposition mechanisms compared to AP, necessitating reformulation of the
complete propellant system to optimize performance (Elzaki & Zhang, 2016; Gotofit,
Cieslak, & Chmielarek, 2023; Harimech et al., 2025).

Hydrazinium nitroformate (HNF) and hydrazinium dinitramide (HDN) are energetic
oxidizer alternatives that have been investigated for composite propellant applications
(Elzaki & Zhang, 2016). These oxidizers can offer potential advantages in terms of
specific impulse and environmental compatibility compared to conventional AP-based
systems. However, their practical implementation has been limited by factors including
availability, cost, and the need for comprehensive characterization of their thermal
decomposition behavior and compatibility with standard binder systems. Continued
research is required to fully quantify their benefits, understand processing constraints,
and evaluate long-term storage and handling safety (Elzaki & Zhang, 2016; Singh &
Shekhar, 2016).

Ammonium nitrate (AN)-based composite propellants have attracted significant
attention as environmentally benign alternatives to AP-based formulations. The primary
advantage of AN-based propellants is that their combustion products are free of toxic
gases, particularly HCI, making them attractive from environmental and operational
perspectives. These characteristic addresses one of the most significant limitations
of AP-based propellants and aligns with regulatory trends toward greener propulsion
technologies (Elzaki & Zhang, 2016; Singh & Shekhar, 2016).

The development of AN-based composite propellants requires careful formulation
optimization to achieve performance levels comparable to established AP-based systems.
The thermal decomposition characteristics of AN differ substantially from those of AP,
necessitating adjustments to binder chemistry, fuel particle size distribution, and additive
packages to optimize combustion kinetics and propellant performance. Despite these
challenges, AN-based propellants represent a promising direction for future composite
propellant development, particularly for applications where environmental considerations
are paramount (Elzaki & Zhang, 2016).
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Fuels of Composite Solid Rocket Propellants (CSRPs)
The fuel component, conventionally consisting of aluminum particles, provides the
primary energy source for combustion and contributes substantially to the propellant’s
specific impulse. Alternative fuel materials, including magnesium, have been investigated
to achieve enhanced performance characteristics, though aluminum remains the industry

standard for most applications (Sahimi, 2003).

Aluminum has established itself as the dominant fuel material in composite solid rocket
propellants due to its exceptional combination of properties (Sahimi, 2003). Aluminum
particles provide high energy density, well-characterized combustion kinetics, and
excellent compatibility with standard binder systems and oxidizers (De Amicis et al.,
2008). The combustion of aluminum in the oxygen-rich environment created by oxidizer
decomposition produces aluminum oxide (Al.Os), which contributes substantially to the

propellant’s specific impulse and exhaust temperature (Sahimi, 2003).

The selection of aluminum particle size and size distribution critically influences
propellant performance characteristics. Smaller aluminum particles exhibit higher surface
area and faster combustion kinetics, potentially enhancing burn rate and specific impulse.
However, particle size must be carefully controlled to ensure adequate mixing with
oxidizer and binder components during propellant processing and to maintain consistent
combustion characteristics throughout the burn duration. Aluminum particles typically
constitute 10-20% of the total propellant mass, with the exact percentage determined
through thermochemical calculations to achieve optimal energy release and combustion
temperature. The heterogeneous distribution of aluminum particles throughout the
propellant matrix ensures combustion occurs in a distributed manner throughout the grain
volume, contributing to the stable and predictable burn characteristics that characterize
composite propellants (Agrawal, 2010; Sahimi, 2003; Sutton & Biblarz, 2011).

Magnesium has been investigated as an alternative or supplementary fuel material in
composite propellants, offering potential advantages in terms of specific impulse and
combustion temperature compared to aluminum alone. Magnesium exhibits higher
energy density per unit mass than aluminum, and its combustion products (magnesium
oxide) can contribute to enhanced exhaust temperature. However, the implementation
of magnesium in composite propellants presents challenges related to particle reactivity,
oxidation during processing, and compatibility with binder systems. The use of magnesium
in composite propellants requires careful control of processing conditions to prevent
premature oxidation and to ensure adequate dispersion throughout the propellant matrix.
Additionally, magnesium particles exhibit different combustion kinetics compared to
aluminum, potentially affecting the overall burn rate and combustion stability of the
propellant. Other alternative fuel materials, including boron and boron compounds, have

been explored for composite propellant applications. These materials offer potential
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advantages in terms of energy density and specific impulse, but present significant
challenges related to particle reactivity, processing complexity, and environmental
considerations. The combustion of boron-containing fuels produces boron oxide particles
that can affect exhaust plume characteristics and environmental impact, limiting their

applicability in many operational scenarios (Sahimi, 2003).

Binders of Composite Solid Rocket Propellants (CSRPs)
Binders are very important to the performance of solid propellants because they
control how much solid can be loaded and how well the materials are put together.
Asphalt and a variety of polymers, including polyethylene and polyester, were among
the traditional binders. However, these early alternatives are now considered outdated
due to their inferior mechanical properties and lower specific impulse characteristics.
The introduction of advanced materials such as polybutadiene with functional groups
and other energetic binders has substantially facilitated the development of energetic

polymer binders over the past two decades.

A polymer suitable as a binder for composite rocket propellants must possess a range of

desirable attributes, the most critical of which include:

e The binder must be compatible with the propellant’s supplementary components,
including an oxidizer, metal powder, plasticizer, bonding agent, stabilizer, and

ballistic modifier, among others.

e The binder must possess a polymer backbone characterized by a high carbon-

hydrogen ratio.

® The average molecular weight (M ) and weight (M ) must range from 2000
to 3500, with the molecular weight distribution being as narrow as possible to

enhance the mechanical properties of propellants and ensure reproducibility.

e The binder must possess low viscosity to provide enhanced solids loading

(oxidizer and metal fuel), hence yielding a higher specific impulse (Isp).

e Upon the incorporation of solids (85-90%), the binder must exhibit elevated
tensile strength, elongation, and Young’s modulus to maintain the structural

integrity of rocket propellant grains during flight.

e The binder should possess a low glass transition temperature (Tg) and an extended
shelf life (Agrawal, 2010; Jarosz et al., 2019; Sutton & Biblarz, 2011).

Hydroxyl-terminated polybutadiene (HTPB) has emerged as the industry-standard binder
material for composite solid rocket propellants, serving as the primary polymeric matrix

that holds oxidizers and fuel particles in a cohesive structure. HTPB is a synthetic rubber
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polymer with terminal hydroxyl groups that enable cross-linking through reaction with
isocyanate curing agents, forming a three-dimensional polymeric network. The resulting
cured propellant exhibits rubbery mechanical properties that provide structural integrity
to the propellant grain while accommodating the thermal stresses generated during
combustion (De Amicis et al., 2008).

The selection of HTPB as the standard binder reflects its favorable combination of
properties: excellent mechanical properties in both cured and uncured states, well-
characterized curing kinetics, good compatibility with oxidizer and fuel particles, and
proven long-term storage stability (De Amicis et al., 2008). HTPB-based propellants have
been extensively characterized through decades of aerospace applications, providing a
comprehensive database of performance characteristics and processing parameters that
facilitate reliable propellant formulation and manufacturing. The mechanical properties
of HTPB-based propellants can be tailored through adjustment of the polymer molecular
weight, cross-link density, and incorporation of plasticizers (Sutton & Biblarz, 2011).
These adjustments allow propellant engineers to optimize the balance between
mechanical strength and flexibility, ensuring that the propellant grain can withstand
the mechanical stresses imposed during motor operation while maintaining structural

integrity throughout the burn duration (Chen et al., 2024; Gligorijevi¢ et al., 2016).

Carboxyl-terminated polybutadiene (CTPB) represents an alternative polymeric binder
system that offers certain advantages over HTPB in specific applications. CTPB contains
terminal carboxyl groups that enable cross-linking through different curing mechanisms
compared to HTPB, potentially offering enhanced mechanical properties and improved
compatibility with certain oxidizer and fuel systems. The use of CTPB allows for
alternative curing chemistry that may provide advantages in processing flexibility and
final propellant properties (De Amicis et al., 2008; Sutton & Biblarz, 2011).

Glycidyl Azide Polymer (GAP) is a notable energetic polymer created in 1972 by a
reaction between NaNs and polyepichlorohydrin (PECH-triol) in DMF. It has garnered
significant scientific interest for its application as an energetic plasticizer and binder
owing to its beneficial qualities. GAP possesses a density of 1.3 g-cm™, a positive
heat of formation of +42 kcal-mol™, and the capacity to desensitize nitroglycerine
(NG), an essential element in rocket propellants. It is easily produced and economical,
demonstrating superior binder qualities in its unadulterated state. It functions in
propellants as both a plasticizer (molecular weight M, = 400-500) and a binder (M,
~ 2500-3000), markedly improving the specific impulse (Isp) (Agrawal, 2010; Hafner,
Keicher, & Klapotke, 2018).

GAP represents a paradigm shift in composite propellant binder technology, transitioning

from inert polymeric materials to energetic binders that actively contribute to the overall
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energy content of the propellant (Jarosz et al., 2019). The incorporation of GAP as a
binder enables the development of higher-performance propellants with enhanced
specific impulse and combustion temperature compared to conventional HTPB-based
formulations (Gligorijevi¢ et al., 2016; Gotofit et al., 2023).

The fundamental distinction between energetic and non-energetic binders lies in their
chemical composition and role in the combustion process (Jarosz et al., 2019). While
traditional binders such as HTPB serve primarily as mechanical binding agents with
minimal energy contribution, energetic binders like GAP participate directly in the
combustion reaction, releasing substantial energy that enhances overall propellant
performance. Compared to HTPB, GAP not only provides structural and mechanical
support but also contributes to the propellant’s total energy content, resulting in higher
specific impulse and increased combustion temperature. This distinction has profound
implications for propellant formulation, as the incorporation of energetic binders allows
for optimization of the overall energy balance and combustion characteristics of the
propellant system (Gotofit et al., 2023; Jarosz et al., 2019).

NiMMO is produced via the selective nitration of the hydroxyl group in 3-hydroxymethyl-
3-methyloxetane (HyMMO) utilizing N,O,, aided by a flow nitration method that
improves yield and purity in dichloromethane. Through cationic polymerization with an
initiator system of BF, and a diol, NIMMO yields poly(NiMMO), a pale-yellow viscous
liquid. The cationic polymerization process is affected by several factors, including
reaction temperature, initiator system, reaction duration, and monomer addition rate, all
of which influence the resulting molecular weight, polydispersity, viscosity, hydroxyl

functionality, and the formation of cyclic species (Agrawal, 2010; Gotofit et al., 2023).

Polynitropolymers, including polyNiMMO (poly(3-nitratomethyl-3-methyloxirane)),
represent another class of energetic binders that have been investigated for composite
propellant applications. These materials incorporate nitrate ester functional groups into
the polymer backbone, providing energetic content while maintaining the structural
and mechanical functions required of a binder material. PolyNiMMO and related
polynitropolymers offer potential advantages in terms of specific impulse and combustion
characteristics compared to conventional binders, though their implementation requires
careful consideration of thermal stability and compatibility with oxidizer and fuel
components (Gotofit et al., 2023; Jarosz et al., 2019).

The incorporation of energetic binders into composite propellants offers significant
potential advantages, including enhanced specific impulse, higher combustion
temperature, and improved volumetric energy density (Jarosz et al., 2019). These
improvements can translate into enhanced rocket motor performance, increased

payload capacity, or extended mission duration for space applications. Additionally, the
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use of energetic binders can facilitate the development of propellants with improved
environmental characteristics, as the enhanced energy content may allow for reduced
oxidizer loading or the substitution of environmentally problematic oxidizers with
greener alternatives. However, energetic binders present substantial challenges related
to safety, processing, and long-term stability. Their energetic nature requires enhanced
safety protocols during manufacturing, handling, and storage. Thermal stability must
be carefully characterized to ensure consistent propellant performance throughout its
intended service life. Furthermore, interactions between energetic binders and other
propellant components, particularly oxidizers and catalytic additives, must be thoroughly
understood to ensure predictable and safe propellant behavior (Agrawal, 2010; Jarosz et
al., 2019; Sutton & Biblarz, 2011).

Additives of Composite Solid Rocket Propellants (CSRPs)

The incorporation of catalytic additives into composite propellants represents a
sophisticated approach to optimizing combustionkinetics and enhancing overall propellant
performance. Catalytic additives function by accelerating the thermal decomposition
of the oxidizer, reducing the decomposition temperature and enhancing the rate of
oxygen release during combustion. This acceleration of oxidizer decomposition leads to
improved combustion efficiency, enhanced burn rate stability, and potentially increased
specific impulse (Mani, 2025). Advanced catalytic systems incorporating nanomaterials
have been investigated for composite propellant applications, offering the potential for
enhanced catalytic activity through increased surface area and unique nanoscale effects.
Nano-scale iron oxides and other transition metal oxide nanoparticles demonstrate
enhanced catalytic potency compared to conventional micrometer-scale catalysts,
potentially enabling improved propellant performance through reduced catalyst loading
(Harimech et al., 2025; Mani, 2025).

Thermite systems, consisting of metal fuels (typically aluminum) combined with
metal oxides (such as iron oxide), have been investigated as additives to enhance
the combustion characteristics of composite propellants. Aluminum/iron oxide (Al/
Fe20;) thermites demonstrate enhanced combustion-supporting ability for AP/HTPB
propellants compared to iron oxide alone or other thermite formulations. The thermite
reaction between aluminum and iron oxide generates substantial heat and produces
molten products that can enhance the combustion of the surrounding propellant matrix
(Chen et al., 2024; Zhao et al., 2016).

The effectiveness of thermite additives depends critically on the particle morphology
and size distribution of the constituent materials. Granular iron oxide structures and
corresponding thermites exhibit higher burning rates due to larger surface area associated

with smaller particle sizes. Optimization of thermite additive systems requires careful
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consideration of particle size, morphology, and loading to achieve enhanced combustion
characteristics without adversely affecting propellant mechanical properties or processing
characteristics (Zhao et al., 2016).

Plasticizers are incorporated into composite propellants to modify the mechanical
properties of the cured binder, typically reducing stiffness and increasing flexibility.
These additives function by disrupting polymer chain interactions, reducing the glass
transition temperature, and enhancing the elasticity of the cured propellant. Common
plasticizers include dioctyl phthalate (DOP), diisodecyl phthalate (DIDP), and other
organic compounds that are compatible with the binder polymer and do not adversely

affect propellant performance (De Amicis et al., 2008).

The selection and loading of plasticizers must be carefully optimized to achieve the
desired mechanical properties while maintaining adequate structural strength and
long-term stability. Excessive plasticizer loading can compromise propellant strength
and increase the risk of mechanical failure during motor operation, while insufficient
plasticizer may result in a propellant that is too brittle and susceptible to cracking during

thermal cycling or mechanical stress (Thakre & Yang, 2010).

Stabilizers are incorporated into composite propellants to enhance long-term storage
stability and prevent degradation of the propellant components during extended storage
periods. These additives function by inhibiting oxidation reactions, preventing hydrolysis
of the polymer binder, and maintaining the chemical stability of the oxidizer and fuel
components. Common stabilizers include hindered phenols, aminic compounds, and

other antioxidants that are compatible with the propellant matrix (De Amicis et al., 2008).

The incorporation of stabilizers is particularly important for propellants intended for
long-term storage, as the oxidizer and fuel components can undergo slow chemical
reactions that degrade propellant performance over time. The selection of appropriate
stabilizers and their loading must be carefully optimized to ensure that the propellant
maintains consistent performance characteristics throughout its intended service life,
which may span decades for military and space applications (Singh & Shekhar, 2016;
Thakre & Yang, 2010).

Beyond catalysts, plasticizers, and stabilizers, various other additives have been
investigated for composite propellants to achieve specific performance objectives.
These include burn rate modifiers (e.g., metal-based or organometallic burn-rate agents,
inorganic nanoparticle promoters) to adjust the propellant’s burn rate to meet specific
motor design requirements, smoke suppressants (e.g., condensable mineral fillers,
expandable graphitic materials, reduced metal loading approaches) to reduce exhaust
plume visibility, and environmental modifiers (e.g., halogen-free/“green” oxidizer

systems, acid-scavenging additives, alloying strategies to alter combustion product) to
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minimize the production of toxic combustion products. The strategic incorporation of
these additives allows propellant engineers to tailor the propellant’s characteristics to
meet specific application requirements while maintaining compatibility with the primary

propellant components (Singh & Shekhar, 2016).

Performance Characteritics of Composite Solid Rocket Propellants (CSRPs)
Performance assessment of CSRP encompasses several critical parameters, including
mechanical properties, thermal performance, and combustion characteristics. The
mechanical stability of propellants during service is paramount. Studies on stress-strain
behavior, using methods like indentation techniques, reveal the impact of aging and
environmental factors on mechanical integrity (Kumar Bihari, Kumaraswamy, Jain, &
Murthy, 2022). A comprehensive evaluation of mechanical properties throughout the
lifecycle ensures safety and reliability during storage and operation (Gligorijevi¢ et al.,
2016).

Beyond mechanical properties, thermal stability is essential for propellant safety. Thermal
analyses, including differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA), assess the decomposition temperatures and relevant thermal transitions
of the materials, thereby ensuring safe operating conditions during propellant use (Gaur
et al., 2017; Tsyshevsky et al., 2015).

The combustion behavior of CSRP is significantly influenced by the oxidizer-fuel ratio,
the presence of additives, and the physical characteristics of the oxidizer. Advanced
testing methodologies, such as X-ray computed tomography, provide insights into the
mixing state and distribution of components, impacting performance and combustion
efficiency (Hosomi et al., 2019).

Recent Developments and Future Trends of Composite Solid Rocket Propellants

(CSRPs)
Recent advancements in CSRP technology focus on improving performance while
ensuring reliability and safety. The incorporation of nanomaterials, such as carbon
nanotubes and metal nanoparticles, enhances the mechanical and thermal properties
of propellants while increasing energy output through improved combustion kinetics
(Navalino et al., 2024). Research into reactive nanocomposites has demonstrated their
potential in advancing propellant formulations (Tawfik, Saleh, Elbeih, & Klapdtke,
2016).

Studies have shown that varying the particle size distribution of ammonium perchlorate
can significantly impact the combustion rates and stability of CSRP. Understanding
these correlations aids in optimizing propellant formulations for specific mission profiles

(Park et al., 2020). Ongoing research investigates the aging characteristics of composite
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propellants and their performance over time. The effects of environmental conditions
such as temperature, humidity, and storage duration on mechanical properties and
sensitivity are critical for maintaining reliable and robust rocket systems (Bogusz &
Magnuszewska, 2019; Hawass, Kim, & Kwon, 2024).

Recent developments have focused on burn rate modifiers that can adjust the propellant’s
performance dynamically. Such modifications can enhance thrust profiles and adaptability
across varying mission requirements, addressing the need for versatility in modern

propulsion systems (Lu et al., 2023).

Conclusion
Composite solid rocket propellants are an established and mature technology that keeps
developing in response to environmental factors, performance demands, and technical
advancements. Over decades of operational experience, the basic design of these
propellants—which consists of oxidizer, fuel, and binder components—has demonstrated
efficacy for a wide range of aerospace applications. Significant gains in performance,
manufacturing efficiency, and environmental compatibility are anticipated from ongoing

research into enhanced catalytic systems, energetic binders, and alternate oxidizers.

Environmental restrictions and operational considerations have led to a considerable
evolution in propellant technology, with the shift from traditional AP-based propellants
to ecologically benign alternatives like ADN-based or AN-based systems. While
enabling the use of more environmentally friendly oxidizer systems, the addition of
active binders and sophisticated catalytic additives gives the possibility of improved
performance. With continuous research tackling basic issues in combustion kinetics,
environmental compatibility, and production efficiency, the field of composite solid
rocket propellants is still vibrant and inventive. For upcoming military, commercial,
and aerospace applications, the combination of advanced materials, complex catalyst
systems, and creative processing methods promises to produce propellants with better

environmental qualities, increased manufacturing efficiency, and improved performance.
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Introduction
Energetic materials (EMs) play a vital role in various applications, ranging from military
munitions to civilian explosives for construction and resource extraction. The continuous
enhancement of these materials is driven by the demand for higher performance, safety,
and stability. Owing to their composition and properties, energetic materials can generally
be divided into categories based on their chemical makeup and intended use (Badgujar,
Talawar, Asthana, & Mahulikar, 2008).

Energetic materials can be broadly classified into several categories. The primary
distinction lies between low explosives and high explosives. Low explosives, like black
powder, deflagrate, burning relatively slowly and producing a rapid expansion of gases.
In contrast, high explosives, such as TNT or RDX, detonate, resulting in a supersonic

shockwave. Further distinctions can include:

- Propellants: used in rockets, propellants burn to produce thrust. Solid propellants
consist of a fuel and an oxidizer mixed into a solid form, whereas liquid propellants

combine liquid fuel with an oxidizer.

- Explosives: high explosives induce rapid combustion a detonation that produces

a shockwave capable of causing destruction.

- Pyrotechnics: these include materials that burn or explode and are often used for
signaling (e.g., flares, fireworks) (Klapotke, 2025).

Properties of EMs
Energetic materials (EMs) represent a critical class of chemical compounds that undergo
rapid exothermic reactions, generating heat and gas—predominantly nitrogen—
essential for various applications such as explosives, propellants, and pyrotechnics.
Their utility spans a wide range of fields, including military uses (e.g., munitions
and missiles), aerospace applications (e.g., rocket fuels), and civilian activities (e.g.,
construction and mining explosives). As the demand for EMs continues to evolve, the
field relies on advancements that strike a careful balance between high energy density

and the paramount concerns of safety, stability, and environmental impact (Chen et al.,
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2021; Chun et al., 2020). Recent research efforts have intensified, focusing on various
classes of energetic materials, such as high-nitrogen compounds, ionic liquids, and
advanced organic frameworks, which are tailored to meet these evolving requirements
(X. Liu, Ortmeyer, Bodach, Petersen, & Felderhoff, 2025; Zhou et al., 2014). This trend
highlights the significance of ongoing innovations in EMs, ensuring that they remain
safe and effective for both military and civilian applications (S. Zhang et al., 2020),
while addressing challenges associated with environmental sustainability (Goncalves,
Iha, & Rocco, 2018). Thus, the quest for novel energetic compounds continues, with an
emphasis on synthesizing materials that not only enhance performance but are also safer
and more environmentally friendly (An et al., 2009; Feng, Qiu, Yang, Du, & Zhang,
2016).

One of the significant trends in the development of high-performance EMs is the
incorporation of nitrogen-rich compounds. Materials rich in nitrogen are desirable due
to their high heat of formation, which leads to increased energetic performance. For
instance, Du et al. highlight that compounds based on 1,3,4-oxadiazoles present excellent
candidates for high-performing EMs due to their stability and favorable oxygen-balance
properties (Du, Qu, Wang, Cui, & Wang, 2021). Similarly, Zhang et al. emphasize the role
of fused triazole-tetrazine compounds that showcase versatile energetic performance,
reflecting the growing trend towards advanced organic chemistry in EM development
influenced by military and civilian needs (H. Zhang et al., 2024). Additionally, the focus
on dinitrophenyl and tetrazole derivatives illustrates the continual exploration of new

frameworks with optimized performance attributes (Zhao et al., 2024).

High-nitrogen compounds are a significant focus within the realm of EMs due to their
favorable energy profiles and environmentally friendly byproducts, primarily nitrogen gas
upon decomposition. lonic liquids have emerged as promising alternatives to traditional
solid explosives and propellant fuels, possessing unique properties that allow for tunable
energy densities and mitigated volatility (Q. Wang, Wang, Zhou, & Gao, 2023; Q. Zhang
& Shreeve, 2014). The adoption of such materials can potentially reduce the sensitivity
associated with conventional explosives, offering safer handling without compromising
performance. Recent advancements demonstrate that integrating high nitrogen content
in energetic salts can yield materials with enhanced stability and performance traits (He
etal., 2016; Q. Wang et al., 2023).

Another area of significant interest is the advancement of fused heterocycles, particularly
those constructed through innovative synthetic methodologies. Studies indicate that
incorporating fused-ring systems contributes to improved energetic performance while
addressing safety concerns linked to traditional materials (Gao, Zhang, & Jean’ne,
2020; L. Yang et al., 2022). Fused compounds typically present a structurally resilient

framework, which can stabilize the energetic content without the high sensitivity
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often observed in their linear counterparts (Bu, Xiong, Zhang, & Design, 2020). The
exploration of new synthetic pathways continues to provide fresh insights into designing

advanced EMs that meet the rigorous demands of modern applications.

The focus has also been directed towards using metal-organic frameworks (MOFs)
and nano-sized composite materials. MOFs are recognized for their tunable porosity
and functionality, allowing for the encapsulation of energetic materials and optimized
release profiles (Li et al., 2013; J. Liu et al., 2022). Research indicates that MOFs can
serve as platforms for high-performance EMs, enhancing properties such as stability,
energy output, and lower sensitivity to external stimuli (Gettings, Zeller, Byrd, &
Piercey, 2019; J. Liu et al., 2022). Similarly, nano-sized composite energetic materials
(nano-CEMs) present a breakthrough, leveraging their high surface area and reactivity
to refine detonation characteristics and reduce the environmental impact of EMs (Jiang,
Cai, Mao, & Wang, 2019; Pang et al., 2020).

Recent advancements in material science, particularly through the development of metal-
organic frameworks (MOFs) and composite materials, have facilitated the production
of EMs with enhanced properties. For example, Yang et al. explore the potential of
multifunctional materials based on 1-aminotetrazol-5-one ligands, highlighting their
broad range of sensitivities and reactivity (J. Yang et al., 2018). Furthermore, the
incorporation of nanoscale additives has been shown to improve the performance of
existing EMs, as demonstrated by Cheng et al., whose work reveals the positive effects
of boron powders on the detonation performance of explosives (Cheng, Yao, Li, Li, &
Yao, 2023).

Safety remains a paramount concern in the design of energetic materials. The challenge
lies in balancing high energy density with sufficient thermal and mechanical stability,
crucial for safe handling and storage. For example, Lin et al. and Liu et al. underscore
the importance of developing heat-resistant EMs that can perform reliably at elevated
temperatures, particularly in applications like oil and gas extraction where thermal
stability is vital (Lin, Chen, Xu, Zheng, & Wen, 2019; N. Liu et al., 2020). Alongside
this, the development of insensitive materials has become a focal area of research, as
reflected in the studies of Dippold and Klapdtke, which investigate the design of high-
performance insensitive EMs through strategic molecular modifications (Dippold &
Klapotke, 2013).

The importance of thermal stability in EMs cannot be overstated, as it directly influences
their performance across various operational environments. The development of heat-
resistant energetic materials, such as those derived from specific heterocyclic structures,
has been pivotal in ensuring reliability at elevated temperatures (Stolarczyk & Jarosz,
2022; Z. Zhang et al., 2021). Advancements have led to the discovery of heat-resistant
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compounds that maintain stability in ascent scenarios experienced in aerospace
applications, thus meeting modern equipment demands designed for extreme conditions
(Stolarczyk & Jarosz, 2022).

Thermal stability of EMs is a critical factor determining their usability in extreme
conditions. Stability depends significantly on the molecular structure and the presence
of stabilizing agents. Extensive studies have focused on creating heat-resistant EMs
through structural modifications (Bu et al., 2020). For instance, the addition of halogens
or the strategic placement of nitrogen-rich groups within molecular frameworks often
results in improved stability (Li et al., 2013; J. Liu et al., 2022).

Compounds like 1,3,5-triamino-2.4,6-trinitrobenzene (TATB) have gained attention for
their thermal stability, able to resist initiation under high temperatures while maintaining
good energetic outputs (Gettings et al., 2019). These findings underscore the importance
of material innovations focused on retaining performance under varied environmental

conditions.

Collaboration between chemists and material scientists has facilitated a better
understanding of the underlying mechanisms governing impact sensitivity, stability,
and energetic performance of these materials. As new compounds are synthesized,
cheminformatics approaches are being integrated to model and predict the behaviors
of these substances under various conditions, which is imperative to enhancing safety
profiles and improving predictability in applications (Fayet & Rotureau, 2022; B. Wang
et al., 2018).

The field of energetic materials is rapidly evolving, driven by the need for improved
performance, safety, and environmental considerations. The synthesis of high-nitrogen
compounds, exploration of ionic liquids, utilization of complex frameworks such as
MOFs, and advancements in heat-resistant materials exemplify the dynamic nature
of this research area. As new methodologies and materials continue to emerge, the
implications for both military and civilian applications could be substantial, transforming

how energetic materials are utilized across multiple industries.

Another critical aspect of EMs is the characterization of their performance characteristics
under various operational conditions. Various studies have consistently demonstrated
that structural modifications can significantly impact the thermal stability and detonation
performance of EMs. For instance, Yao et al. discussed the effectiveness of micro-
encapsulation to enhance the thermal safety of high-energy emulsion explosives (Yao et
al., 2021), while Lei et al. explored integration of pyrazole compounds that have shown
promise in yielding new classes of insensitive EMs without compromising safety (Lei,
Yang, & Cheng, 2020; Yin, Mitchell, Parrish, & Shreeve, 2017).
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In conclusion, the evolution of energetic materials is characterized by an intricate
interplay of chemical innovation, safety considerations, and performance optimization.
Continued research efforts aim to balance these factors while addressing the specific
demands of both military and civilian applications. The synthesis of nitrogen-rich
compounds, the development of heat-resistant formulations, and advances in composite
materials demonstrate the dynamic nature of this field, positioning it as a critical area of

both fundamental chemistry and applied sciences.

Structural, Mechanical, and Thermal Characterization of EMs
Energetic materials (EMs) are vital for various applications, including military munitions,
propellants for aerospace applications, and demolition explosives in civil engineering.
An accurate and comprehensive characterization of these materials is essential for
ensuring their reliability, performance, and safety. Characterization encompasses a range
of physical and chemical techniques aimed at understanding the materials’ structure,
sensitivity to external stimuli, mechanical behavior, thermal properties, and overall

stability.

Structural characterization techniques such as X-ray Crystallography and Nuclear
Magnetic Resonance (NMR) are pivotal in determining the molecular and crystal structures
of energetic materials. These methods help elucidate the arrangement of atoms within
the material, which directly relates to its energy release mechanisms during detonation.
For example, Wozniak et al. highlighted the importance of identifying structural motifs
by employing NMR and infrared spectroscopy coupled with crystallography to validate
the structural integrity of newly synthesized energetic compounds (Wozniak, Salfer,
Zeller, Byrd, & Piercey, 2020).

Additionally, infrared (IR) spectroscopy can be employed to identify functional groups
and study bond formations in energetic materials, offering insights into intermolecular
interactions and assessing the stability of particular chemical functionalities within the
material (Pedreira et al., 2016).

The mechanical properties of EMs significantly influence their performance, particularly
in terms of shock sensitivity and internal defect management. Nanoindentation provides a
means to measure hardness and elastic modulus at the nanoscale, allowing researchers to
understand how EMs respond to mechanical loads. Olokun et al. explored the mechanical
anisotropy of B-HMX crystals through nanoindentation and small-scale dynamic impact
tests, emphasizing the importance of understanding deformation mechanisms that could

alter the safety parameters of explosives (Olokun, Dillard, Dhiman, & Tomar, 2021).

Dynamic mechanical analysis (DMA) provides additional insights into the elastic

properties of EMs under varying temperature and frequency conditions. It helps determine
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the materials’ responses to dynamic loads, which is essential for evaluating potential
failure under high-stress conditions (Kaneshige, Rabbi, Mach, Catzin, & Stewart, 2017).

Thermal analysis techniques, such as Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA), provide critical information regarding the thermal
stability, decomposition temperatures, and energetic performance of EMs. These
techniques help ascertain the temperature ranges within which the materials are stable
and their decomposition profiles during thermal exposure. For instance, Gaur et al.
utilized TGA and DSC to analyze the thermal stability and gas evolution of triazole-
based energetic motifs, allowing for an understanding of their energetic properties (Gaur
etal., 2017).

Accelerated aging tests involve subjecting EMs to elevated temperatures and humidity to
simulate long-term storage conditions. By monitoring performance changes, researchers
can predict shelf life and operational stability, guiding formulations for military and

commercial applications (Tsyshevsky et al., 2015).

Examples of novel characterization techniques such as multiaxial testing, energetic
coordination polymers, and cocrystallization. Kaneshige et al. introduced novel methods
for modeling the multiaxial constitutive and damage responses of energetic materials,
facilitating a thorough understanding of their behavior under various loading conditions,

which is essential for practical applications (Kaneshige et al., 2017).

The synthesis and characterization of Energetic Coordination Polymers (ECPs) have
gained momentum, especially in achieving a balance between high energy density
and low sensitivity. These materials present unique opportunities due to their tunable

mechanical and energetic properties (Qu et al., 2015; J. Yang et al., 2018).

Cocrystallization has emerged as a promising method for tuning the physicochemical
properties of EMs. Wiscons and Matzger discussed the challenges of characterizing
cocrystals compared to physical mixtures, underscoring the necessity for comprehensive
methods such as single-crystal X-ray diffraction to ensure accurate analysis (Wiscons,
Matzger, & Design, 2017).

Performance Characterization of EMs
To ensure the reliability of EMs across various applications, robust performance
characterization becomes essential. Standard tests typically assess crucial characteristics
of EMs, such as detonation velocity, brisance (shattering capability), sensitivity (impact,

friction, and thermal), and thermal decomposition temperatures.

Detonation tests measure the speed at which the shock wave travels through an explosive;

higher velocities indicate more powerful explosives. The characterization often employs
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empirical correlations and thermochemical calculations to determine performance
(Pang et al., 2020). The detonation velocity (Dv) is a crucial property for assessing the
energetic performance of explosives. Various experimental setups, employing detonators
and pressure gauges, facilitate the measurement of Dv, yielding critical insights into the

efficiency and power of the material (Yan et al., 2021).

Impact Sensitivity testing methods that simulate impacts and friction provide insights
into the stability and safety associated with specific EMs. Areas of interest include
how structural modifications affect the energetic material’s propensity for accidental
detonation (Jiang et al., 2019). Impact sensitivity tests measure the threshold energy
required for detonation or deflagration when exposed to mechanical shock. For instance,
Wozniak et al. characterized newly developed N-amino compounds for their impact

sensitivity, classifying them among primary explosives (Wozniak et al., 2020).

Friction sensitivity tests, testing the response of EMs to friction, involve applying
various loads and assessing the resulting frictional interactions, which guide the design
of formulations that minimize the risk of unintended initiation during handling and
storage (Lal, Staples, & Jean’ne, 2024).

With increasing environmental awareness, the development of ‘“green” energetic
materials is crucial. Assessments focus on the byproducts of explosions, emphasizing
formulations that yield minimal ecological damage. This has led researchers to explore
eco-friendly additives and greener chemical processes to reduce toxicity (Z. Zhang et
al., 2021).
Future Directions in Energetic Materials Research

The future of EMs holds immense potential as new synthetic strategies and materials
continue to be developed. Much research will focus on: Computational modelling,
machine learning approaches, collaboration across disciplines, and sustainability-

environmental conditions.

Advances in computational chemistry have led to the development of predictive
models that can simulate the performance and stability of EMs before synthesis. For
example, Tsyshevsky et al. described a comprehensive approach combining synthesis,
characterization, and quantum-chemical modeling to design novel energetic materials
effectively (Tsyshevsky et al., 2017). This predictive capability can significantly expedite

the design process by circumventing the costly synthesis of ineffective compounds.

Recent efforts have integrated machine learning techniques to enhance screening
processes for EMs. Utilizing thermochemical data and properties such as cohesive
energy and oxygen balance enables machine learning to predict energetic performance
efficiently, aiding in the identification of promising compounds (Kang, Liu, Abou-Rachid,

& Guo, 2020). This approach holds potential for optimizing formulations tailored to
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specific performance metrics while reducing trial-and-error methodologies in physical
laboratories. The application of machine learning algorithms can expedite the discovery
of new EMs by predicting the performance of molecular structures based on existing

databases, optimizing formulations based on historical data (Stolarczyk & Jarosz, 2022).

The future of EMs will likely see heightened cooperation among chemists, material
scientists, and engineers, culminating in innovative approaches to EM design, synthesis,
and performance testing (Fayet & Rotureau, 2022). Finding sustainable paths for the
synthesis and application of EMs will become increasingly essential, pushing research

towards utilizing renewable resources and minimizing hazardous waste production.

Conclusion
The field of energetic materials is evolving rapidly, reflecting the complex interplay
of performance demands, safety requirements, and environmental issues. Innovations
driven by high-nitrogen chemistry, advanced composite materials, synthetic pathways,
and a vigorous focus on safety are shaping the future of both military and civilian
applications. The ongoing exploration of materials with tailored properties, enhanced
stability, and reduced sensitivities promises a new era for the development of EMs,

catering to the diverse and dynamic needs across multiple sectors.

The characterization of energetic materials is a multifaceted process encompassing various
techniques tailored to understanding the materials’ structural, thermal, mechanical,
and energetic properties. Advances in computational modeling and machine learning
further enhance the research landscape, allowing predictions of performance outcomes
that inform the design of next-generation EMs. Continuous innovation in analytical
techniques not only aids in developing safer and more efficient energetic materials but
also ensures compliance with stringent safety regulations, paving the way for broader

applications in both military and civilian domains.
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