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Abstract

:

In recent years, carbon fiber has experienced a significant surge in popularity attributed to its exceptional properties, including its high-temperature resistance, mechanical strength, and cost-effectiveness. Many industries have been attracted to the prevalent use of carbon-fiber-reinforced polymers or plastics (CFRP). However, the increasing demand for carbon fiber has created a waste recycling problem that needs to be addressed. This research aimed to develop a recycled composite using PET waste as a solution to the growing demand for both materials. The recycled carbon fibers were processed chemically and mechanically to generate power for this process. Various samples were tested with different proportions of CF (10%, 20%, 30%, and 40%) to analyze their mechanical properties. The recycled composites are examined under tensile test conditions to further explore the waste carbon reinforcement’s effect on polymers’ characteristics. Scanning electron microscopy was also utilized for mechanical morphology evaluations. After analyzing the data, it was found that samples containing 20% CF had the highest elastic modulus value among all the mixes. This is attributed to the reinforcing effect of the fibers. The Elasticity Modulus of the filaments increased with the concentration of CF, reaching its peak at 20% before decreasing. This trend is also apparent in the visual representations. When compared to recycling, the Elasticity Modulus value of 20% CF filament increased by 97.5%. The precise value for CF with a 20% filament is 4719.3 MPa. Moreover, the composite samples were analyzed using SEM to characterize them, and it was discovered that the incorporation of 20% CF/PET filler produced the composition with the highest strength.
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1. Introduction


Carbon fiber, also known as “graphite fiber” [1], possesses a unique combination of high strength and lightweight properties, making it an ideal material for manufacturing airplane components, particularly when used in the form of Carbon Fiber-Reinforced Polymer (CFRP) composites. Three methods are available for chemical recycling: conversion, depolymerization, and dissolution [2,3]. In comparison, mechanical recycling, which is the most commonly used method for recycling plastic, is suitable for thermoplastics such as PET. These polymers can be melted and solidified repeatedly without altering their chemical structure [4]. Mechanical recycling involves several steps. The first step is to collect the plastic that can be recycled. The second step is to separate the plastic from other materials, which can be achieved manually or mechanically [5]. The third step is to thoroughly clean the plastic to avoid affecting the quality of the final product. The plastic is ground and shredded into smaller pieces in the fourth stage. The last step is to melt the plastic and extrude it into pellets [6]. Dissolution follows a similar process to mechanical recycling in the initial stages, which includes collecting, sorting, and preparing the plastic. Subsequently, solvents and heat are employed to divide the plastic into a solution of polymers and additives, which is later retrieved. The additives are subsequently removed, and the polymers are added to create recycled plastic [7]. Depolymerization, also known as solvolysis or chemolysis, is the process of breaking down polymers into monomers, which are the building blocks of polymers. This is accomplished through various chemical reactions, solvents, and heat. In the initial stages, the plastic to be recycled is processed and prepared, and impurities are removed. The resulting monomers are then used as a secondary raw material in traditional plastic production [8]. To ensure the production of high-quality products, the conversion recycling process involves preparing and screening plastic waste, then converting it into a raw material or feedstock that takes the form of gas (gasification) or oil (pyrolysis), which can be utilized to generate chemicals in the future. To ensure the production of high-quality products, the gasification process is carried out in the presence of oxygen instead of pyrolysis, which takes place in the absence of oxygen. Any potential impurities in the resulting gaseous or oil feedstock are then removed so that they can be re-integrated into the chemical manufacturing chain and yield products such as polymers [9]. Carbon fiber is popular in various industries due to its unique properties, including its resistance to high temperatures, mechanical strength, and reasonable cost. Here’s how these properties contribute to its popularity. Carbon fiber exhibits excellent heat resistance, allowing it to maintain its structural integrity even at high temperatures. This property makes it suitable for applications in the aerospace, automotive, and energy industries, where components may be exposed to extreme heat. Carbon fiber is incredibly strong and rigid, providing a high strength-to-weight ratio compared to traditional materials like steel. This property makes it desirable in industries where lightweight yet strong materials are required, such as aerospace, automotive, sports equipment, and construction. Over the years, the cost of carbon fiber production has been reduced, making it more economically viable for various industries. While carbon fiber is still relatively more expensive than conventional materials, its benefits in terms of strength and weight reduction often outweigh the higher upfront cost, especially in high-performance applications. However, the growing demand for carbon fiber also presents challenges in waste management and recycling. Carbon fiber composites are challenging to recycle due to their complex structure. The carbon fiber is typically combined with resins or other materials, making it difficult to separate and recover the fibers effectively. The recycling process requires specialized techniques and technologies to break down the composite and extract reusable carbon fibers. Recycling infrastructure for carbon fiber is still relatively limited compared to other materials. The lack of widespread facilities and expertise in carbon fiber recycling hinders efficient recycling practices. This leads to a significant portion of carbon fiber waste ending up in landfills or incinerators instead of being recycled. Carbon fiber production involves energy-intensive processes, including the use of fossil fuels and chemical treatments. Improper waste management and disposal of carbon fiber can contribute to environmental pollution and greenhouse gas emissions. Therefore, developing effective recycling methods is crucial to reducing the environmental impact of carbon fiber waste. Efforts are being made to address these challenges and improve carbon fiber recycling techniques. Researchers and industry professionals are exploring innovative methods such as pyrolysis, solvolysis, and advanced mechanical recycling to enhance the efficiency of carbon fiber recycling and reduce waste. Additionally, promoting awareness and investing in recycling infrastructure are essential steps toward the sustainable management of carbon fiber waste [10].



Polymer matrix composites have made a name for themselves in the materials world due to increased features such as high specific stiffness and strength, durability, and so on. The matrix material in a variety of polymer matrix composites is recycled polyethylene terephthalate (RPET). Composite materials based on the RPET matrix are not only cost-effective but also environmentally beneficial [11]. The volume ratios of composite materials reinforced with waste paper and matrix consisting of epoxy resin or hybrid resin at 60%, 70%, and 80% Dammar were investigated. Tensile testing and scanning electron microscopy (SEM) analyses were performed on all samples collected. The tensile response, tensile strength, modulus of elasticity, elongation at break, and fracture surface analysis were all determined [12].



Waste management and recycling companies are developing innovative technologies and procedures to recycle carbon fiber waste in order to meet these difficulties. Recycling technological advancements such as pyrolysis, solvolysis, and thermolysis are making carbon fiber recycling more viable and cost-effective. Furthermore, some companies are using closed-loop manufacturing procedures, which allow for the reuse of carbon fiber waste generated during the manufacturing process.



Pyrolysis and solvolysis are the most developed and prosperous chemical processes for recovering carbon fibers. Pyrolysis is widely used in industry due to its low cost and ease of use [13]. Pyrolysis is a thermochemical process that breaks down the organic component of composite materials in the absence of oxygen, typically between temperatures of 450 °C and 700 °C. This process involves two main steps: the thermolysis/pyrolysis step and the gasification/oxidation step. In the first phase of the process, the material is heated to high temperatures in a furnace to separate the fibers from the organic matrix (often resin). At the last step of the process, the char deposit on the surface of the fiber is removed using airflow. These steps aim to preserve most of the original properties of the fiber [14]. Nevertheless, it has been reported that this recycling method generates composites with inconsistent qualities that are not as good as those made from pure carbon fibers [15]. Therefore, the recycled product obtained through this method cannot perform the same functions as virgin carbon fibers. The outcomes of their study demonstrated that the carbon fibers maintained their elastic modulus and retained 90% of their tensile strength compared to virgin fibers under ideal conditions (thermolysis process at 500 °C for 6 h, followed by a gasification step in the air at the same temperature for 30 min) [16,17,18,19]. In 2018, Boeing and ELG collaborated to use pyrolysis to recycle their CFRP, resulting in aerospace-grade composite material used to manufacture items such as laptop cases and car parts, reducing annual solid waste generation by nearly one million pounds [20].



In recent years, fiber-reinforced composites have gained attention as a possible substitute for metal parts in various industries due to their superior performance under fatigue conditions, lower density, higher specific strength, and stiffness compared to conventional metals [20,21]. Structural component design should consider the behavior of these composites under different loading conditions, including axial, torsion, and impact loading. The mechanical properties of fiber-reinforced polymer composites are influenced by fiber, matrix, and interface. Carbon fibers are unique in their properties and their interaction with the polymer matrix, making carbon fiber-reinforced polymers stand out among other fiber-reinforced composites [22]. The properties of CFRP can be further enhanced by incorporating various additives.



The elastic modulus, often known as Young’s modulus, is a fundamental mechanical quantity that governs the stiffness or rigidity of a material. It assesses a material’s resistance to deformation when subjected to a load or stress. When analyzing composite mechanical properties, the elastic modulus value is an important variable to examine [23]. Carbon fiber’s smooth and chemically inert surface and its disordered graphite structure lead to inadequate interfacial performance between the fiber and resin due to its low surface energy. As a result, the usability of carbon fiber-reinforced polymer (CFRP) is limited [24]. Despite this, high-performance carbon fibers have been employed in producing composite materials for various applications such as aerospace, electronics, civil engineering, and sports. The interphase in these composites can enhance the compatibility between the fiber and matrix and the efficiency of load transfer to meet the demands of technological advancements [25].



Various methods have been employed to enhance the interface’s performance, which can be categorized into two groups. The first group involves modifying the surface shape of the fiber to increase the interphase area, while the second group involves altering the chemical groups on the surface to improve the chemical interaction with the matrix. However, changing the chemical groups is usually suitable for only one type of polymer, unlike expanding the interphase region by increasing the contact area with the fiber, which applies to every matrix [26]. The interface between the CF and the resin matrix largely influences the mechanical behavior of CF-reinforced epoxy (CF/EP) composites. Establishing a proper interface to facilitate efficient load transfer from the matrix to the reinforcements is important, which helps alleviate internal stress concentrations and significantly enhances the composites’ mechanical behavior and environmental stability [27]. The smooth and non-polar surface of CF makes it difficult for the resin matrix to wet and make contact, resulting in poor adhesion between the fiber and matrix. To improve the interfacial adhesion between CF and the matrix, various techniques have been employed to modify the CF surface. These techniques include sizing, coating, oxidation, chemical grafting, plasma treatment, electrophoretic deposition, and high-energy irradiation [28]. When examining interfacial adhesion, fiber-reinforced composites are typically viewed as having three primary components: the fibers, which bear the load; the backing material, which holds the fibers together and transfers the applied load between them; and the fiber-matrix interphase, which determines how well the fibers and matrix are bonded together [29]. In the last decade, extensive research has been conducted to improve the fiber-matrix interphase by treating the surfaces of CFs. Different methods have been used, including chemical grafting, electro-mechanical techniques, plasma treatment, radiation, and surface coating [30]. CB, a type of carbon material, has a microcrystalline structure with numerous functional groups on its surface. The carbon atoms on the surface of CB arrange themselves into hexagonal planes similar to graphite. Each layer of graphite in the CB crystallite has an ordered arrangement of carbon atoms, but the arrangement of carbon atoms in the surrounding layers is disordered and often referred to as quasi-graphite crystals [31]. During the manufacturing process of CB, which always occurs at high temperatures, the primary structure is formed as adjacent particles simultaneously melt together and occupy three-dimensional space. The secondary structure, which is a looser arrangement, gradually forms through physical adsorption, van der Waals forces, or static from the primary structure. The primary framework is hard to destroy, while the secondary structure, also called the transitory structure, is more vulnerable to mechanical damage during processing [32,33]. Carbon fiber (CF)-reinforced polymer composites are becoming more prevalent in primary aircraft structures, but a major issue with these materials is the occurrence of “delamination,” which can compromise the safety of the structure. To address this issue, current research is focused on finding solutions. However, the recent delamination problem experienced by the Boeing 787 Dreamliner highlights the challenges associated with adopting new materials and manufacturing processes. As the use of composite materials becomes more common in the aviation industry, the need to identify and correct delamination becomes increasingly critical. Composite materials offer numerous advantages, yet the lack of experience in manufacturing them leads to the likelihood of such problems. As a result, detecting and addressing delamination in these materials becomes a critical challenge as airplane components evolve [34]. Several efforts have been made to enhance the material properties of the individual components of fiber-reinforced composites, aiming to fulfill industrial demands with high standards. To achieve optimal performance from fiber-reinforced composites, it is crucial to have a strongly adhesive interface between the reinforcing fibers and the polymer matrix, along with a well-planned combination of these two components. The interfacial characteristics between the fibers and matrix have been regulated to enhance adhesive strength. This helps to effectively transfer external loads from the matrix to the fiber reinforcements, resulting in better performance of structural composite components [35]. Adding a small amount of carbon nanotubes to a matrix has been proven to enhance the mechanical properties of composite materials to a great extent [36,37,38,39]. FRP (fiber-reinforced polymer composites) are often used in structural applications and are therefore exposed to various weather conditions and loads. Unfortunately, hydrothermal aging can cause deterioration in several mechanical properties of FRP, such as tensile strength, flexural strength, wear resistance, inter-laminar shear strength (ILSS), and DC electrical conductivity [40,41,42]. The degradation in characteristics is believed to be caused by changes in chemical structure, the dissolution of covalent bonds, and chain scission in the polymer matrix. These alterations can cause composites to fail prematurely by causing interfacial and interlaminar failure, matrix erosion, matrix burning, and matrix cracking [43,44]. Incorporating carbon nanotubes (CNTs) into carbon fiber-reinforced polymer (CFRP) can be achieved by adding CNTs to the polymer matrix. However, achieving a homogenous distribution of the nanotubes can be achieved difficult. The strong Van der Waal forces cause the CNTs to clump together in the polymer matrix, leading to the development of clusters [45]. One solution to this problem is to use chemical vapor deposition (CVD) to directly graft nanotubes onto the surface of a fiber, which helps to overcome the clustering issue [46,47,48,49,50]. Modern composite materials used in various applications require high through-thickness thermal conductivity (TTTC) as internal heat generated by these systems needs to be dissipated efficiently [51,52,53,54,55]. Additionally, it has been demonstrated that adding micro and short fibers to concrete mixtures increases their pre-crack resistance and that distributing the fibers randomly enhances the concrete’s qualities in all directions. They also looked into how elements such as paste and silica sand used as aggregate metakaolin (MK) and GF contents affected the compressive and flexural strengths of the materials. Fiber content tests were used to study the qualities of recently placed concrete, such as its workability [56]. For the design of medical implants and other structural scaffolds, it is crucial to model the mechanical properties of carbon nanocomposites depending on input variables such as the %weight of Carbon Nanotubes (CNT) inclusions. Due to variations in circumstances, manufacturing methods, and inconsistent reagent characteristics utilized across industries and laboratories, current constitutive models for the mechanical properties of nanocomposites may not forecast adequately. Additionally, the mechanical characteristics of the designed goods exist as a probabilistic range rather than being deterministic [57]. Nonetheless, conventional continuous fiber prepreg methods have limitations when it comes to fabricating components with complex shapes. Challenges arise from the presence of defects such as dry yarn and resin-rich patches, which result in intricate internal stress distribution during the curing process. These defects significantly affect the functionality of the components. To establish reliable connections or precise positioning with other components, it is often necessary to resort to machining techniques, including the creation of holes and notches, in engineering applications [58,59]. The automotive and aviation sectors have devoted considerable attention to the utilization of fiber-reinforced plastic (FRP) composites. Extensive research has been conducted to address the mechanical joining challenges associated with these materials [60]. Specifically, carbon fiber-reinforced polymers (CFRP) have garnered significant interest in the aircraft industry due to their lightweight nature, cost-effectiveness, and high specific strength, making them a crucial structural component [61]. Moreover, the increasing popularity of fiber-reinforced plastic (FRP) composites can be attributed to their advantages, such as low weight, corrosion resistance, and high specific strength and stiffness. Consequently, various industries, including automotive, aerospace, and marine, have explored the potential applications of FRP composites [62]. The mechanical performance of fiber composites is influenced by the composition of the cementitious matrix and the presence of fibers. Previous research has extensively studied the mechanical and microstructural characteristics of cementitious materials under elevated temperatures. In addition, to improve the testing process, response surface methodology (RSM) is utilized to establish a model that correlates multiple parameters with various indicators. By analyzing the RSM results, the interactions between different variables and their impact on achieving multi-objective material optimization can be understood.



Yeong-Min Baek et al. [63] determined the mechanical characteristics of the recycled fiber and compared them to those of neat fibers using the single-fiber tensile test. The surfaces of recycled and pristine carbon fibers were studied and compared using FE-SEM and dynamic contact angle measurements. The study’s purpose was to investigate the viability of industrial use of recovered CF and/or recycled PET in CFRC. Hui-Jin Um et al. [64] examined the mechanical characteristics of PET matrix-based carbon fiber (CF)/PET composites with varying PET contents according to cooling rate. Banafsheh Sadeghi et al. [65] discussed recent research in three product categories (concrete, nonwoven textiles, and yarns) generated from recycled PET fibers, demonstrating the significant potential of PET fibers for the future industry. Kirill Kirshanov et al. [66] conducted a comprehensive review on the one hand to systematize the known methods of processing PET and copolyesters, highlighting their advantages and disadvantages, and on the other hand to demonstrate what valuable membrane products could be obtained and in what areas of the economy they could be used. Among the different approaches to the treatment of PET waste, we believe that chemical procedures hold the most potential.



Concerning this study, the initiative will concentrate on recycling carbon fiber waste, particularly from aerospace businesses. To make carbon fiber more environmentally friendly and sustainable, a solution must be found to recover the 30% of carbon fiber that is lost during production. The main objective of this study is to develop a recycled composite by using PET waste as a solution to the growing demand for both materials. The recycled carbon fibers were then processed chemically and mechanically in order to examine the mechanical strength of the carbon fibers that come from the pyrolysis process for CFRP. Various samples with varying quantities of CF (10%, 20%, 30%, and 40%) were tested to determine their mechanical properties. The recycled composites are tested under tensile circumstances to further investigate the effect of waste carbon reinforcing on the properties of polymers. Mechanical morphology was also evaluated using scanning electron microscopy. Following data analysis, it was discovered that samples containing 20% CF had the greatest elastic modulus value of all the mixtures.




2. Materials and Methods


An experimental study was conducted to evaluate the mechanical properties and morphology of a composite material composed of CF and PET waste. “The two main carbon fiber recycling approaches are mechanical and chemical recycling. Chemical recycling involves the use of chemicals to break down plastics” and produce raw materials that can be used to create new plastic products. PET waste was collected from bottle waste, while the Cy-com®977-2-35/40-12KHTS-268 criteria apply to the prepregs waste that STRATA provides; it has a 35/40% resin content, a curing class of 180, and a fiber area weight of 268 g/m2. The thermal, mechanical, and physical properties of PET are listed in Table 1 and Table 2. The mechanical testing was performed using a Universal Testing Machine, while the mechanical morphology of the material samples was examined using SEM. Sample preparation involved undergoing mechanical and chemical cycling processes. The subsequent subsections describe the sample preparation procedure and other testing methods employed in the study. In the sample preparation phase, the CF and PET waste were combined using specific techniques to create the composite material. The mechanical and chemical cycling processes involved subjecting the samples to repeated mechanical loading and exposing them to certain chemical treatments to simulate real-world conditions and assess their durability. The Universal Testing Machine played a crucial role in evaluating the mechanical properties of the composite material [67,68]. It allowed for precise measurements of parameters such as tensile strength, elastic modulus, and yield strength. This information provides insights into the material’s structural integrity and its ability to withstand external forces. SEM was utilized to analyze the mechanical morphology of the composite material. This technique provided detailed images and information about the samples’ internal structure and surface characteristics. By examining the microstructure and fiber distribution, researchers gained a deeper understanding of how the CF and PET waste interacted and contributed to the overall mechanical performance of the composite. The combination of these testing methods allowed for a comprehensive assessment of the mechanical properties and morphology of the CF/PET waste composite material. The results obtained from this experimental investigation are valuable for understanding the material’s behavior, identifying areas for improvement, and guiding future research and development efforts in the field of composite materials.



The combination of utilizing PET waste and incorporating carbon fiber makes a significant contribution to waste reduction efforts through the development of a novel approach. This approach focuses on converting carbon fiber-reinforced polymers (CFRPs) into carbon fiber (CF) and creating a composite material that exhibits wide-ranging application potential across various industries, including aerospace, automotive, and construction. By leveraging PET waste as a valuable resource, this innovative approach addresses the environmental challenges posed by CFRP waste. Instead of disposing of or incinerating CFRPs, which can lead to pollution and waste accumulation, the emphasis is placed on recovering and recycling valuable carbon fibers. This not only reduces the volume of waste sent to landfills but also promotes sustainable resource utilization by repurposing carbon fibers that possess exceptional mechanical properties. The resulting composite material, enriched with carbon fiber, offers a multitude of benefits and enhanced performance characteristics. Its versatility allows for application in different sectors, such as aerospace, automotive, and construction. In the aerospace industry, the composite’s lightweight yet robust nature makes it ideal for aircraft components, leading to improved fuel efficiency and reduced emissions. In the automotive sector, composite materials contribute to weight reduction, resulting in enhanced vehicle performance and fuel economy. Furthermore, in the construction field, the composite material provides structural strength while minimizing the overall weight of structures, thereby optimizing construction processes and enabling innovative design possibilities. By employing PET waste and incorporating carbon fiber, waste reduction efforts are amplified, simultaneously creating a composite material that can be harnessed across various industries. This holistic approach aligns with sustainable practices, promoting resource efficiency and minimizing the environmental impact associated with waste generation and disposal.



2.1. Pyrolysis


A furnace (Nabertherm, Germany) is utilized for conducting pyrolysis on the CFRP material, as illustrated in Figure 1. It comprises three primary parameters that require configuration. The first parameter (T) represents the steady-state temperature at which the furnace operates during the pyrolysis process. The second parameter, referred to as (t1), signifies the rise time, indicating the duration it takes for the furnace to reach the desired steady-state temperature. Lastly, the third parameter, designated as (t2), represents the steady-state time, which refers to the duration the set temperature (T) is maintained before the furnace begins to cool down [71]. Operating the furnace is straightforward, as the parameters are manually inputted into the control panel. Once the parameters are set, the furnace operates autonomously until the pyrolysis process is completed. The sample preparation involves cutting the material to an appropriate size and determining its weight. Subsequently, the sample is placed in a ceramic combustion boat. Care is taken to gently position the boat in the center of the furnace’s tube to prevent any spillage during the process. Once the manual configuration of the desired parameters is completed on the control panel, the furnace initiates the heating process.



The illustrated furnace offers a controlled setting to perform pyrolysis on CFRP material, enabling researchers to investigate its properties through transformation and analysis. The examination of the pyrolyzed sample resulting from this process offers significant and valuable insights into the changes that take place in the structure and composition during pyrolysis. This advancement in knowledge greatly enhances our understanding of the behavior exhibited by CFRP materials. As a result, we can apply this knowledge to inform and improve the development and optimization of CFRP-based applications across a wide range of industries [72].



A series of samples underwent experimentation with different parameters to identify the optimal time and temperature conditions required for pyrolysis. The primary objective was to achieve the complete elimination of the epoxy component while simultaneously preserving carbon fibers that are clean, soft, and unburned. Extensive investigations led to the revelation that the most advantageous fiber outcomes were attained by implementing a 60-min duration for both the ramp-up and steady-state phases, combined with a pyrolysis temperature set at 500 °C.



The pyrolysis process was fine-tuned to perfection under these particular circumstances, resulting in the desired outcomes for carbon fiber production. The accompanying diagram vividly illustrates the exceptional results obtained by employing optimized pyrolysis conditions, showcasing the attainment of top-notch carbon fibers with remarkable quality. This valuable data holds immense potential for steering forthcoming research endeavors and industrial applications related to CFRP materials. It offers valuable insights into the specific process parameters that are imperative for achieving superior properties in carbon fibers.



	
Chemical Process






Chemical recycling is a process that involves the use of various chemicals to break down plastics into their basic building blocks or monomers. These monomers can then be used as raw materials to create new plastic products. Unlike traditional mechanical recycling, which involves melting and reforming plastics, chemical recycling focuses on breaking down the polymer chains of plastics through various chemical processes. This allows for a wider range of plastics to be recycled, including those that are typically challenging to recycle mechanically, such as multi-layered or contaminated plastics. There are different methods of chemical recycling. The first process is pyrolysis, where the process involves heating plastics in the absence of oxygen, which breaks them down into smaller molecules. These smaller molecules can then be further processed and refined to obtain monomers or other valuable chemicals. On the other hand, depolymerization breaks down plastics into their constituent monomers using chemical reactions. By selectively breaking the polymer chains, the original monomers can be recovered and used to produce new plastics. Moreover, solvolysis involves the use of solvents to dissolve and break down plastics. This process typically utilizes heat and pressure to facilitate the chemical reactions, leading to the recovery of monomers. Another process is gasification, which converts plastics into syngas, a mixture of hydrogen and carbon monoxide. The syngas can then be used as feedstock for various chemical processes to produce new plastics or other chemicals. Chemical recycling offers several potential benefits. It enables the recycling of a wider range of plastics, including those that are difficult to mechanically recycle. It can also help reduce plastic waste and the demand for virgin plastic production, contributing to a more circular economy. However, it’s worth noting that chemical recycling technologies are still evolving, and there are challenges to address, such as cost-effectiveness, scalability, and environmental impact.




2.2. Milling Process


Mechanical recycling techniques offer three options for processing CF materials: pre-pyrolysis, post-pyrolysis, or standalone mechanical recycling to obtain a powdered form that can be combined with other materials for future use (such as molding or mixing with other polymers). The choice of the appropriate grinding machine is essential to achieving the desired particle size and characteristics necessary for subsequent processing and utilization of the recycled CF. In order to determine the most suitable method for grinding CF, two machines were employed and compared: the Grinder Mill Machine and the Planetary Ball Mill PM 100 (PM-400, Retsch, Haan, Germany). These machines, depicted in Figure 2a,b, were utilized to assess their effectiveness in grinding CF materials.



The operation of this machine is relatively straightforward, making it user-friendly for grinding purposes, particularly for achieving fine particle sizes. Before usage, a one-day training session is typically conducted to familiarize users with the machine, its functionality, and safety precautions. Proper cleaning of the machine is essential before each operation, involving the use of a brush to eliminate any residual contaminants from previous use. In our specific case with CF, the material is initially cut into small pieces measuring approximately 5–10 mm. Subsequently, the cut material is loaded into the machine, and the machine cover is securely closed to initiate grinding. To achieve finer particle sizes, the machine’s running time can be increased until the desired particle size is attained. This machine provides a convenient and efficient solution for producing finely ground particles of CF for further processing and application in various industries.




2.3. Planetary Ball Mill PM 100


This particular machine is specifically designed to achieve a high level of fineness, even at the nanoscale, making it ideal for applications requiring fine grinding. It offers the flexibility of both wet and dry grinding processes. The machine’s advanced energy and speed control mechanisms ensure repeatable results, meaning consistent outcomes can be achieved using the same parameters. Its operation is based on the principle of differential speed between the grinding jar and the balls inside, resulting in a combination of frictional and impact forces that generate substantial dynamic energies. For well-preserved CF stored at low temperatures and remaining flexible, grinding it at 500 rpm for 5 min did not yield the desired grinding effect; instead, the sample exhibited a dough-like consistency. The corresponding figure illustrates the appearance of the sample after grinding. To explore potential improvements, the experiment will be repeated with an extended grinding time.



In contrast, CF that had been stored at room temperature showed more favorable results. After grinding it for 30 min at 450 rpm and subsequent sieving, the particle size was reduced to 20 µm. The corresponding figure showcases the sample following the grinding process. Additionally, Figure 3 presents a schematic diagram illustrating the layout of CF with PET waste in the composite material. There is a specific procedure to make composites from PET waste and carbon fiber. For simpler melting, the trash PET bottles were collected, cleaned, dried, and shredded. After melting, the fibers and fillers were added in the proper proportions and mixed until the mixture was uniform. The material was then poured into the prepared mold and pushed down to achieve even distribution [23].




2.4. Extrusion


After milling the Carbon Fiber sheets and turning them into powder, the next step is combining them with PET to form a material that can be used in industrial applications. Using only mechanical recycling alone to get a powder that is then mixed with PET at different percentages to test their strength and hardness. For this part, the extruder used to form the filaments was the Filabot EX2 extruder (Filabot, Barre VT, USA). This machine typically produces plastic filament for 3D printers and is relatively simple to operate. A one-day training session was held so that the student could learn how to use the equipment and the basic safety measures they should keep in mind when using it. To use the machine, first the materials, which in our case are CF/PET, have to be prepared. For the case of CF, they are prepared by cutting the sheets into small pieces (almost 5–10 mm) and milling them to get particles of a size range within the 50 µm range. The PET was obtained by cutting clean water bottles into small pieces with a size range of 5–10 mm. The pieces were then dried at a temperature of 160 °C for 4 h to remove any moisture. Finally, PET and milled CF are mixed to the required percentage, and the extruding process can be started using a jar. To start extrusion, the CF/PET mixture is filled into the opening at the top of the extruder. After that, the parameters, which are the extruding speed and temperature, are set, with a speed between 10 and 15 rpm and a temperature range between 245 °C and 248 °C. The process is then repeated several times with different CF percentages of 10%, 20%, 30%, 40%, and pure PET. The results obtained from this machine CF/PET mixture filaments of different CF percentages will then be tested to find the most strenuous and most challenging mixture.




2.5. Material Process


In order to assess the mechanical properties of the PET-CF samples obtained through extrusion, including tensile strength, yield strength, and ductility, a tensile test was conducted. This test aimed to compare the performance of the samples with different CF percentages to that of pure PET. To begin, the extruded samples were cut and carefully glued to create dog-bone-shaped specimens. This gluing process ensured that the samples were securely attached and ready for testing. Multiple specimens were prepared for each CF percentage, typically five in total.



Additionally, dog-bone samples made from pure PET before the extrusion process were prepared for testing. Before placing the samples in the testing machine, their dimensions were carefully measured. These measurements were necessary for subsequent calculations and analysis. The sample preparation procedure used for the tensile testing, including the gluing process, is illustrated in Figure 4.



Subsequently, the dog-bone-shaped material samples were securely positioned in the Tensile testing machine (UTM, Shimadzu, Kyoto, Japan), as depicted in Figure 5. The machine consists of various components that facilitate the testing process. The upper and lower grippers, designed to securely hold the material samples in place, ensure accurate and reliable measurements. A hydraulic press system is incorporated to apply forces in both tension and compression directions. The computer system is connected to a data acquisition system, enabling the collection and storage of data obtained from the machine. The Tensile testing machine yields various results that can be derived and analyzed according to the American Society for Testing and Materials standard (ASTM)-D 638. These results provide valuable insights into the mechanical behavior of the material under tension and compression.





3. Results


3.1. Mechanical Characteristics


In order to explore the various qualities, such as Scanning Electron Microscopy (SEM) analysis and tensile testing, CF/PET composite filaments have been produced from PET waste. CF is combined with PET waste CF shreds in a single extruder at (245–248 °C) and a speed of (10–15 rpm) to create CF/PET composite filaments. The amount of CF in the mixture affects the extruder’s temperature and speed. The typical filament diameter is 2 mm (the extruder nozzle has a 1.75 mm diameter). To create CF/PET composite filaments, different percentages of CF (10%, 20%, 30%, and 40%) were mixed with PET. To create CF/PET composite filaments blended with CF sheets and PET was employed. Many tensile specimens were punched from each sheet using a commercial dog-bone cutting machine. Due to its high resolution (0.001 mm) and precision (0.0002), the Mitutoyo thickness gauge (Model 547-526S) was used to measure the thickness of the thin layer. The average readings along the sample’s gauge length were considered in this investigation [16].




3.2. Mechanical Characterization


In order to evaluate the mechanical properties of the prepared composite samples derived from PET waste, a comprehensive experimental approach was employed. Tensile tests and a mechanical morphology analysis were conducted to thoroughly assess the mechanical strength and characterization of the composite samples. The composite samples were fabricated with different percentages of CF, namely 10%, 20%, 30%, and 40%. Various parameters were examined, including the elastic modulus, yield strength, tensile strength, toughness, and hardness. The experimental results were analyzed, and the computed values for these parameters were documented in Table 3, providing a comprehensive overview of the mechanical performance of the different material samples. The results obtained from the experimentation demonstrated that several crucial mechanical strength parameters, such as elastic modulus, yield strength, tensile strength, toughness, and hardness, were considered in evaluating the material samples. The elastic modulus, commonly known as Young’s modulus, is a fundamental mechanical parameter that determines a material’s stiffness or rigidity. It measures a material’s resistance to deformation under a load or stress. The elastic modulus value is an important quantity to consider while analyzing composite mechanical properties.



In terms of the various CF proportions evaluated, the composite with the highest elastic modulus value would normally be the one with the greatest concentration of carbon fibers. Carbon fibers have a substantially greater elastic modulus than the polymer matrix, which in CF composites is often epoxy resin. The proportion of stronger carbon fibers within the composite increases as the carbon fiber content increases. As a result, when carbon fiber concentrations grow, so does the composite’s overall stiffness or elastic modulus.



The evaluation of CF composites with carbon fiber concentrations of 10%, 20%, 30%, and 40% indicates that the composite with a 20% carbon fiber concentration is expected to exhibit the highest elastic modulus value. The higher carbon fiber content provides a stronger reinforcement effect, leading to improved stiffness and resistance to deformation. However, it is important to acknowledge that the behavior of composites can be influenced by various factors, including fiber orientation, matrix properties, and manufacturing techniques. Therefore, to determine the precise elastic modulus values for a specific CF composite system, it is necessary to conduct experimental testing and analysis.



It is important to note that the mechanical characterization of the composite samples played a vital role in understanding their structural integrity and performance. By assessing parameters such as elastic modulus, yield strength, tensile strength, toughness, and hardness, a comprehensive understanding of the mechanical strength of the material samples was achieved. The superiority of the composite sample containing 20% CF, as observed in terms of its greater strength, signifies the significant contribution of CF reinforcement to the mechanical properties of the composite. This reinforcing effect enhances strength and durability, making the composite sample with 20% CF a favorable choice in terms of mechanical performance. The results obtained from this mechanical characterization study provide valuable insights into the selection and optimization of composite formulations for PET waste-based materials. By understanding the mechanical behavior of the composites at different CF percentages, manufacturers and researchers can make informed decisions to develop composite materials with superior mechanical properties for specific applications.



Figure 6 shows the stress-strain curve for a 10% PET composition. It is evident from the stress-strain curve that the maximum value of stress of 113.838 MPa was achieved at a strain of 7.72751. The analysis presented in Figure 7a provides insights into the elastic properties of the CF/PET composite. Among the various blends studied, the samples comprising 20% CF exhibited the highest elastic modulus value. This notable enhancement can be attributed to the reinforcing effect of the fibers. The elastic modulus of the filaments displayed consistent growth as the CF content increased until it reached its peak at 20%. Beyond this point, a decline in the elastic modulus was observed, corroborated by the graphical representations.



Based on the evaluation of carbon fiber (CF) composites with varying concentrations (10%, 20%, 30%, and 40%) of carbon fiber, it can be concluded that the composite containing 20% carbon fiber concentration is expected to exhibit the highest elastic modulus. The elastic modulus value reached a maximum of 4719.3 GPa. The primary reason for this notable increase in elastic modulus at the 20% carbon fiber concentration is attributed to the enhanced reinforcement effect, leading to improved stiffness and resistance to deformation. Consequently, the composite with a 20% carbon fiber concentration demonstrates superior mechanical properties compared to the other evaluated compositions. As the carbon fiber (CF) content in the filaments increased, the yield strength exhibited a rising trend until it reached its peak at a 20% CF concentration, beyond which it started to decline. The yield strength of the filaments containing 20% CF, as indicated by Figure 7b, measured 166.7 MPa, representing a significant improvement of 90.33% compared to pure recycled PET. The reinforcing properties of CF contributed to the increased yield strength. The addition of CF to recycled PET facilitated the formation of stronger and stiffer composites, leading to enhanced yield strength. The synergy between carbon fiber (CF) and the PET matrix drives the increased strength and stiffness observed in the composite material containing 20% CF. This interaction is accountable for the remarkable 90.33% higher elastic modulus compared to pure recycled PET. As a result of this significant improvement in mechanical properties, a broader range of applications, particularly those requiring elevated strength and stiffness, may become feasible [61]. Experimental results indicate that, among various mechanical properties, the elastic modulus exhibited the highest strength when the carbon fiber content was set at 20%. This finding highlights the significance of carbon fiber concentration in determining the composite material’s stiffness and resistance to deformation. The elastic modulus is a measure of a material’s ability to withstand applied forces without undergoing significant deformation. By incorporating a 20% carbon fiber content, the composite material achieves a remarkable increase in its elastic modulus, indicating improved rigidity and an enhanced ability to withstand external stresses. This suggests that the 20% carbon fiber concentration plays a critical role in maximizing the mechanical strength, particularly in terms of elastic modulus, of the composite material under investigation. Upon evaluating CF composites with varying carbon fiber concentrations of 10%, 20%, 30%, and 40%, it becomes evident that the composite containing a 20% carbon fiber concentration exhibits the highest elastic modulus value. In fact, the maximum recorded elastic modulus reaches an impressive 4719.3 GPa. This remarkable increase in elastic modulus at the 20% carbon fiber concentration can be attributed to the stronger reinforcement effect achieved by incorporating a higher amount of carbon fibers. Consequently, this reinforcement effect leads to a substantial enhancement in stiffness and deformation resistance. The greater elastic modulus observed in the composite with a 20% carbon fiber concentration highlights its exceptional ability to withstand external forces without significant deformation. This characteristic is of paramount importance in industries where mechanical strength and structural integrity are critical considerations. By effectively reinforcing the composite material with carbon fibers at a 20% concentration, a substantial improvement in its elastic modulus is achieved, showcasing its enhanced rigidity and resistance to deformation. This result underscores the importance of optimizing the carbon fiber concentration when designing CF composites for specific applications. By carefully tailoring the composition, it is possible to achieve superior mechanical properties, particularly in terms of elastic modulus. The reinforced composite with a 20% carbon fiber concentration not only demonstrates a significant increase in elastic modulus but also indicates its potential for delivering enhanced performance in terms of stiffness, durability, and resistance to deformation. So, the evaluation of CF composites reveals that the composite with a 20% carbon fiber concentration exhibits the highest elastic modulus value. The exceptional reinforcing effect achieved by the increased carbon fiber content leads to improved stiffness and deformation resistance. These findings emphasize the significance of carbon fiber concentration in optimizing the mechanical properties of CF composites for various industrial applications.



The outcome you stated indicates that adding carbon fiber (CF) increases the tensile strength of recycled polyethylene terephthalate (PET) up to a point, at which time adding more CF results in a drop in tensile strength. The Tensile Strength of the filaments increased as the percentage of CF increased until it reached its maximum at 20%, and after that, it started decreasing. Based on Figure 7c, the tensile strength of the 20% filament is 136.8 MPa, which is 76.2% greater than that of pure recycled PET. High-strength and high-stiffness materials like carbon fiber can reinforce polymers and enhance their Mechanical properties. Due to the reinforcement it offers, CF, when combined with recycled PET, results in a composite material with increased tensile strength. The characteristics of the materials involved can be used to explain this phenomenon. Beyond a certain extent, however, the amount of CF in the composite material might cause flaws or weaknesses in the substance, lowering its tensile strength. These flaws could include holes, gaps between the CF and PET matrix, or even breaks in the CF strands. In this instance, the maximum tensile strength is attained at 20% CF content, indicating that this is the ideal ratio for the specific type of recycled PET and CF employed in the study. Beyond this threshold, adding CF does not provide any more benefit in tensile strength and can harm the material’s overall mechanical qualities [62].



The toughness of the filaments exhibited an increasing trend as the percentage of CF increased until it reached its peak at 20%, after which it began to decrease. Figure 7d provides evidence of this behavior, with the 20% CF filament displaying a toughness value of 390.6 MPa, representing a substantial improvement of 163.5% compared to pure recycled PET. This enhancement in toughness can be attributed to the reinforcing effect of CF. Incorporating CF into the PET matrix contributes to the improved durability of the composite material. The increase in toughness with rising CF content is attributed to its ability to absorb energy and impede crack propagation. The synergistic interaction between CF and the PET matrix leads to the formation of a more robust and durable material. The remarkable improvement in toughness of 163.5% for the 20% CF composite, when compared to pure recycled PET, highlights the significant impact of CF reinforcement on the mechanical properties of the composite. This substantial enhancement in toughness expands the potential applications of the composite material, particularly in scenarios where high toughness, impact resistance, and resistance to various mechanical stresses are required [63].



The hardness of the filaments exhibited an upward trend as the percentage of CF increased, reaching its maximum value at 40% CF with a hardness of 83.8 Shore A. Figure 7e illustrates that the 20% CF filament displayed a hardness of 75.6 (Shore A), representing a 13% increase compared to pure recycled PET. It should be noted that the ideal CF ratio for achieving maximum hardness in the specific recycled PET and CF combination used in the study was found to be 40%. Going beyond this CF content may not further enhance hardness and could compromise other mechanical properties, such as toughness or ductility. The additional reinforcement provided by CF is primarily responsible for the 13% higher hardness observed in the 20% CF composite compared to pure recycled PET. This increased hardness renders the composite material suitable for applications that require high rigidity and hardness, such as those in the automotive, aerospace, or sporting goods industries. It is essential to acknowledge that various hardness testing methods, including Shore A, Shore D, and Rockwell hardness, each yield different hardness values. When comparing hardness values across different studies, it is crucial to consider the specific testing technique and conditions employed. Taking these factors into account ensures accurate and meaningful comparisons of hardness data [73]. The results obtained from this study have profound implications for the potential applications and performance of CF/PET composites in various industries. Through comprehensive analysis and experimentation, this study has yielded valuable insights into the behavior and characteristics of CF/PET composites, thereby serving as a crucial guide for further advancements and refinements in their design and manufacturing processes. One of the notable findings is the significant increase in the elastic modulus value observed at a 20% CF filament content. Compared to recycled CF, the elastic modulus experienced a substantial enhancement of 97.5%. This remarkable improvement can be attributed to the reinforcing effect of carbon fibers, which greatly enhance the stiffness and deformation resistance of the composites. The calculated elastic modulus value of 4719.3 MPa for CF with a 20% filament content exemplifies the impressive mechanical strength achieved through careful control of the carbon fiber concentration. These findings have far-reaching implications for the practical utilization of CF/PET composites in numerous applications. The enhanced elastic modulus values signify the superior structural integrity and rigidity of composites with a 20% CF filament content. This makes them particularly well-suited for applications that demand exceptional strength and performance. Industries such as aerospace, automotive, and construction can potentially benefit from these findings, as the improved mechanical properties of CF/PET composites can enable the development of lighter, stronger, and more durable materials for their specific requirements. Moreover, the insights gained from this study provide researchers, engineers, and manufacturers with valuable knowledge for optimizing the design and manufacturing processes of CF/PET composites. This knowledge can inform the selection of appropriate carbon fiber concentrations and guide the fabrication techniques to maximize the performance and functionality of the composites. Accordingly, the findings obtained from this study significantly enhance our understanding of the potential applications and performance of CF/PET composites. They provide valuable insights into the behavior and characteristics of these composites, facilitating further advancements and improvements in their design, manufacturing, and practical implementation.




3.3. SEM


Scanning Electron Microscopy (SEM) study is essential for understanding the structural and compositional properties of composite materials. It contains precise information about the composites’ surface morphology, topography, elemental composition, and interfacial characteristics.



The microscopic examination of CF-PET samples provided valuable information and observations that significantly contributed to understanding the characteristics of the composite material. Microscopic examination revealed the surface morphology of the CF-PET samples, offering insights into the arrangement, distribution, and orientation of carbon fibers within the PET matrix. This information is crucial for understanding the interfacial bonding between the fibers and the matrix as well as identifying any defects or irregularities present on the surface. Besides, the examination allowed for the assessment of fiber distribution throughout the composite. It provided information on whether the carbon fibers were evenly dispersed or clustered in specific regions, which impacts the mechanical properties and overall performance of the composite. Understanding fiber distribution helps optimize the manufacturing process and achieve desired material properties. The microscopic analysis provided a closer look at the interface between the carbon fibers and the PET matrix. It helped in assessing the quality of the fiber-matrix bonding, identifying any signs of debonding or delamination, and evaluating the effectiveness of the interface in transmitting stress between the components. These observations are crucial for enhancing interfacial adhesion and optimizing the composite’s mechanical properties. However, the process also contributed to understanding the interaction between the carbon fibers and the PET matrix. It provided insights into the wetting behavior of the matrix on the fiber surface, as well as any signs of chemical reactions or modifications at the interface. This knowledge is essential for improving the compatibility and load transfer between the filler and matrix, thereby enhancing the overall performance of the composite [74]. In order to analyze the morphology and composition of the extruded CF-PET samples in comparison to the extruded pure PET samples, a microscope was employed, and the elemental composition was characterized using JSM-6610 (JEOL PLUS/LA, Tokyo, Japan). All of the samples had to be placed on sticky carbon tape, which was then secured to the SEM stub before being coated with gold using a sputter coater while being exposed to inert gas and low vacuum. The samples that had been covered in gold were then evaluated in a vacuum environment. To ensure optimal results, the samples underwent a polishing process using various sanding and polishing materials before microscopic examination. The resulting material morphology data for both 100% recycled PET and the 20% filament sample are presented in Table 4. The microscopy analysis, conducted using scanning electron microscopes at a magnification of 5 µm, revealed distinct differences between the 20% filament sample and the pure recycled material. These differences are evident in Table 4, highlighting the impact of incorporating a 20% CF content. The microscopy characterization provided valuable insights into the structural and compositional aspects of the materials under investigation.



The study’s results indicate that adding carbon fiber (CF) to recycled PET significantly enhances the mechanical properties of the composite material. The hardness of the composite material demonstrates an increasing trend with increasing CF content until it reaches its peak at 20%, after which it begins to decline. This phenomenon can be attributed to CF’s remarkable energy absorption capability, which effectively inhibits crack propagation and contributes to the overall strength and durability of the composite material. As a result, incorporating CF leads to the development of a stronger and more resilient material. Microscopic examination reveals a clear distinction in the morphology and composition between the 20% filament sample and the sample composed solely of recycled PET. The observable differences can be attributed to the inclusion of carbon fiber (CF) in the composite material, which introduces modifications to the structure and characteristics of the final product. Before the microscope analysis, the samples undergo a thorough preparation process involving sanding and polishing materials. This preparation step allows for a more detailed and comprehensive examination of the samples, enabling a closer inspection of their features and properties.



The results of the study suggest that composite materials combining carbon fiber (CF) and recycled PET possess characteristics suitable for applications demanding high toughness and impact resistance. The synergistic interplay between CF and the PET matrix produces a more robust and durable material exhibiting improved mechanical properties. However, further investigation is necessary to fully understand the potential applications and specific attributes of these materials. Additional research and experimentation will provide a more comprehensive understanding of their capabilities, allowing for informed decision-making regarding their practical uses. The findings obtained from this study greatly contribute to our understanding of the wide-ranging applications and performance potential of CF/PET composites in diverse industries. These findings offer valuable insights into the behavior of CF/PET composites, serving as a pivotal guide for further advancements and enhancements in their design and manufacturing processes. One particularly intriguing discovery is the substantial increase in elastic modulus observed at a 20% CF filament content. The elastic modulus value experienced a remarkable boost of 97.5% compared to recycled CF, showcasing the exceptional reinforcing effect of carbon fibers. The calculated elastic modulus value for CF with a 20% filament content reached an impressive 4719.3 MPa. These findings shed light on the significant improvement in mechanical properties that can be achieved by carefully controlling the carbon fiber content in CF/PET composites. The enhanced elastic modulus values demonstrate the superior stiffness and deformation resistance offered by composites with a 20% CF filament content, making them highly desirable for applications that require exceptional strength and structural integrity. With these newfound insights, researchers and manufacturers can optimize the design and manufacturing processes of CF/PET composites to harness their full potential across various industries. The knowledge gained from this study sets the stage for further advancements in composite materials, paving the way for innovative and high-performance applications that can leverage the remarkable properties of CF/PET composites. A microscope was employed to examine the morphology and composition of the extruded CF-PET samples compared to pure PET samples to gain further insights into the composite’s characteristics. This type of study holds significant value for engineers and material scientists, enabling them to evaluate the mechanical properties of materials through the utilization of PET waste.





4. Conclusions


To investigate the mechanical properties of CF/PET composite filaments derived from PET waste, a comprehensive analysis was conducted utilizing tensile testing and Scanning Electron Microscopy (SEM) analysis. The key parameters examined in this study included the elastic modulus, yield strength, tensile strength, toughness, and hardness. To understand the material’s behavior comprehensively, these metrics were determined across various CF percentages, specifically 10%, 20%, 30%, and 40%. The present study employed a systematic experimental approach to comprehensively analyze CF/PET composite filaments derived from PET waste. Through the combined utilization of tensile testing and SEM analysis, valuable insights were obtained regarding the manufactured composite samples’ mechanical properties and structural characteristics. Among the material samples examined, it is evident that pure PET with a 20% CF content exhibits the highest strength. This enhancement can be attributed to the reinforcing effect of the CF fibers integrated within the composite structure. The elastic modulus of the filaments displays an increasing trend as the CF content rises until it reaches its peak at 20%, after which it gradually declines. These findings significantly enhance our understanding of the potential applications and performance of CF/PET composites across various industries. The findings derived from this study provide valuable insights into the behavior of CF/PET composites, serving as a guide for further advancements and improvements in their design and manufacturing processes. Of particular interest, at a 20% CF filament content, the elastic modulus value experienced a substantial increase by 97.5% compared to recycled CF. The calculated value for CF with a 20% filament content reached 4719.3 MPa. A microscope was employed to examine the morphology and composition of the extruded CF-PET samples compared to pure PET samples to gain further insights into the composite’s characteristics. This type of study holds significant value for engineers and material scientists, enabling them to evaluate the mechanical properties of materials through the utilization of PET waste. The knowledge garnered from this research offers a foundation for the development of innovative materials with improved mechanical performance and sustainability. By utilizing PET waste and incorporating CF, the potential for creating composite materials with enhanced properties expands, providing opportunities for various engineering applications.



Recommendations: It is recommended to proceed with further experimental work, such as thermal conductivity, to determine the thermal characteristics of the recycled composite in comparison with PET and CF. Apart from the production process, the Multi FLOW INDEX (MFI) is also an important parameter that could be studied in the future that give the designer a better understanding of the flow of the polymer under the production process [73]. Daohong Zhang et al. [74] introduced a single-fiber microdroplet test approach for assessing interfacial shear strength in natural fiber composites. They evaluated the effect of relative humidity (RH) in composite manufacturing on the interfacial shear strength and flexural characteristics of flax/unsaturated polyester composites. The interfacial shear strength of the flax/unsaturated polyester composite began to fall quickly at 70% RH and decreased more than sixfold at 90% RH.







Author Contributions


Conceptualization, S.A.; Methodology, S.A.; Formal analysis, G.A., K.M., F.A., Y.B. and K.S.; Investigation, G.A., K.M., F.A., Y.B. and K.S.; Writing—original draft, G.A., K.M., F.A., Y.B., K.S., A.E., W.A. and S.A.; Writing—review & editing, A.E., W.A. and S.A.; Supervision, W.A. and S.A.; Project administration, S.A. All authors have read and agreed to the published version of the manuscript.




Funding


UAE University Fund 31R333.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The research findings, including the process, have been filed on 27 April 2023, to the US patent office (Docket 33090.34U/IDF-00104). Besides, the authors have received official and legal consent from Intellectual Properties Office/UAE University and the legal attorney handling the case to process the outcomes and for publication purposes.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Huang, X. Fabrication and Properties of Carbon Fibers. Materials 2009, 2, 2369–2403. [Google Scholar] [CrossRef]

	



Gholampoor, M.; Movassagh-Alanagh, F.; Salimkhani, H. Fabrication of nano-Fe 3 O 4 3D structure on carbon fibers as a microwave absorber and EMI shielding composite by modified EPD method. Solid State Sci. 2017, 64, 51–61. [Google Scholar] [CrossRef]

	



Marshall, D.; Cox, B.; Evans, A. The mechanics of matrix cracking in brittle-matrix fiber composites. Acta Met. 1985, 33, 2013–2021. [Google Scholar] [CrossRef]

	



Lu, C.; Wang, J.; Leung, C.K.; Yao, Y.; Yu, B. Micromechanics-based model of single crack propagation in Engineered cementitious composites (ECC). Constr. Build. Mater. 2023, 369, 130519. [Google Scholar] [CrossRef]

	



Gangineni, P.K.; Yandrapu, S.; Ghosh, S.K.; Anand, A.; Prusty, R.K.; Ray, B.C. Mechanical behavior of Graphene decorated carbon fiber reinforced polymer composites: An assessment of the influence of functional groups. Compos. Part A Appl. Sci. Manuf. 2019, 122, 36–44. [Google Scholar] [CrossRef]

	



Wang, C.; Li, J.; Sun, S.; Li, X.; Zhao, F.; Jiang, B.; Huang, Y. Electrophoretic deposition of graphene oxide on continuous carbon fibers for reinforcement of both tensile and interfacial strength. Compos. Sci. Technol. 2016, 135, 46–53. [Google Scholar] [CrossRef]

	



Lionetto, F. Carbon Fiber Reinforced Polymers. Materials 2021, 14, 5545. [Google Scholar] [CrossRef]

	



Abas, N.; Kalair, A.R.; Khan, N.; Haider, A.; Saleem, Z.; Saleem, M.S. Natural and synthetic refrigerants, global warming: A review. Renew. Sustain. Energy Rev. 2018, 90, 557–569. [Google Scholar] [CrossRef]

	



Shi, J.; Han, J.; Xu, J. Effect of fiber constituent in matrix on cyclic behavior of PVA-Steel hybrid Fiber-Reinforced cementitious composites columns with mild steel rebar. Constr. Build. Mater. 2022, 359, 129514. [Google Scholar] [CrossRef]

	



Xiaoyong, Z.; Shihan, C.; Zhouhua, W.; Huiyun, Q.; Guixing, L.; Xiaolei, W.; Yu, C. Research on mechanical properties of ultra-high performance fiber reinforced cement-based composite after elevated temperature. Compos. Struct. 2022, 291, 115584. [Google Scholar] [CrossRef]

	



Singh, A.K.; Bedi, R.; Kaith, B.S. Composite materials based on recycled polyethylene terephthalate and their properties—A comprehensive review. Compos. Part B Eng. 2021, 219, 108928. [Google Scholar] [CrossRef]

	



Stănescu, M.M.; Bolcu, D. A Study of Some Mechanical Properties of Composite Materials with a Dammar-Based Hybrid Matrix and Reinforced by Waste Paper. Polymers 2020, 12, 1688. [Google Scholar] [CrossRef]

	



Öchsner, A.; Altenbach, H. Advanced Structured Materials Engineering Design Applications III Structures, Materials and Processes. Available online: http://www.springer.com/series/8611 (accessed on 15 May 2023).

	



Höglund, R. Modelling of a High-Performance Vehicle in MATLAB/Simulink and Canopy Simulations; MathWorks: Natick, MA, USA, 2022. [Google Scholar]

	



Dhiman, B.; Guleria, V.; Sharma, P. Applications and Future Trends of Carbon Fiber Reinforced Polymer Composites: A Review. Int. Res. J. Eng. Technol. 2020, 10, 1883–1889. [Google Scholar]

	



Koçer, M.; Boğa, A.R.; Öztürk, M. Investigation of reinforcement corrosion effects in RC columns produced with blast furnace slag and fly ash under reversed-cyclic lateral loading tests. Eng. Struct. 2021, 245, 112866. [Google Scholar] [CrossRef]

	



Boucher, G. Book Reviews: Book Reviews. Crit. Sociol. 2011, 37, 493–497. [Google Scholar] [CrossRef]

	



Muflikhun, M.A.; Fiedler, B. Failure Prediction and Surface Characterization of GFRP Laminates: A Study of Stepwise Loading. Polymers 2022, 14, 4322. [Google Scholar] [CrossRef]

	



Muflikhun, M.A.; Yokozeki, T. Systematic analysis of fractured specimens of composite laminates: Different perspectives between tensile, flexural, Mode I, and Mode II test. Int. J. Light Mater. Manuf. 2023, 6, 329–343. [Google Scholar] [CrossRef]

	



Muflikhun, M.A.; Higuchi, R.; Yokozeki, T.; Aoki, T. The evaluation of failure mode behavior of CFRP/Adhesive/SPCC hybrid thin laminates under axial and flexural loading for structural applications. Compos. Part B Eng. 2020, 185, 107747. [Google Scholar] [CrossRef]

	



Yu, J.; Chen, Y.; Leung, C.K. Micromechanical modeling of crack-bridging relations of hybrid-fiber Strain-Hardening Cementitious Composites considering interaction between different fibers. Constr. Build. Mater. 2018, 182, 629–636. [Google Scholar] [CrossRef]

	



Deokar, S.; Visal, S. A Review Paper on Properties of Carbon Fiber Reinforced Polymers. IJRSIT 2016, 2, 238–243. [Google Scholar]

	



Worku, B.G.; Wubieneh, T.A. Mechanical Properties of Composite Materials from Waste Poly(ethylene terephthalate) Reinforced with Glass Fibers and Waste Window Glass. Int. J. Polym. Sci. 2021, 2021, 226. [Google Scholar] [CrossRef]

	



Zheng, H.; Zhang, W.; Li, B.; Zhu, J.; Wang, C.; Song, G.; Wu, G.; Yang, X.; Huang, Y.; Ma, L. Recent advances of interphases in carbon fiber-reinforced polymer composites: A review. Compos. Part B Eng. 2022, 233, 109639. [Google Scholar] [CrossRef]

	



Ma, L.; Li, N.; Wu, G.; Song, G.; Li, X.; Han, P.; Wang, G.; Huang, Y. Interfacial enhancement of carbon fiber composites by growing TiO2 nanowires onto amine-based functionalized carbon fiber surface in supercritical water. Appl. Surf. Sci. 2018, 433, 560–567. [Google Scholar] [CrossRef]

	



Wang, B.; Duan, Y.; Zhang, J. A controllable interface performance through varying ZnO nanowires dimensions on the carbon fibers. Appl. Surf. Sci. 2016, 389, 96–102. [Google Scholar] [CrossRef]

	



Yu, J.; Chen, Y.; Leung, C.K. Mechanical performance of Strain-Hardening Cementitious Composites (SHCC) with hybrid polyvinyl alcohol and steel fibers. Compos. Struct. 2019, 226, 111198. [Google Scholar] [CrossRef]

	



Chen, X.; Xu, H.; Liu, D.; Yan, C.; Zhu, Y. A facile one-pot fabrication of polyphosphazene microsphere/carbon fiber hybrid reinforcement and its effect on the interfacial adhesion of epoxy composites. Appl. Surf. Sci. 2017, 410, 530–539. [Google Scholar] [CrossRef]

	



Lu, Z.; Ahanif, A.; Sun, G.; Liang, R.; Parthasarathy, P.; Li, Z. Highly dispersed graphene oxide electrodeposited carbon fiber reinforced cement-based materials with enhanced mechanical properties. Cem. Concr. Compos. 2018, 87, 220–228. [Google Scholar] [CrossRef]

	



Zhu, P.; Ruan, F.; Bao, L. Preparation of polyetherimide nanoparticles on carbon fiber surface via evaporation induced surface modification method and its effect on tensile strength and interfacial shear strength. Appl. Surf. Sci. 2018, 454, 54–60. [Google Scholar] [CrossRef]

	



Qiu, J.; Lim, X.-N.; Yang, E.-H. Fatigue-induced deterioration of the interface between micro-polyvinyl alcohol (PVA) fiber and cement matrix. Cem. Concr. Res. 2016, 90, 127–136. [Google Scholar] [CrossRef]

	



Dong, J.; Jia, C.; Wang, M.; Fang, X.; Wei, H.; Xie, H.; Zhang, T.; He, J.; Jiang, Z.; Huang, Y. Improved mechanical properties of carbon fiber-reinforced epoxy composites by growing carbon black on carbon fiber surface. Compos. Sci. Technol. 2017, 149, 75–80. [Google Scholar] [CrossRef]

	



Kitamura, H.; Sekido, M.; Takeuchi, H.; Ohno, M. The method for surface functionalization of single-walled carbon nanotubes with fuming nitric acid. Carbon 2011, 49, 3851–3856. [Google Scholar] [CrossRef]

	



Chen, C.-M.; Zhang, Q.; Yang, M.-G.; Huang, C.-H.; Yang, Y.-G.; Wang, M.-Z. Structural evolution during annealing of thermally reduced graphene nanosheets for application in supercapacitors. Carbon 2012, 50, 3572–3584. [Google Scholar] [CrossRef]

	



Felisberto, M.; Tzounis, L.; Sacco, L.; Stamm, M.; Candal, R.; Rubiolo, G.H.; Goyanes, S. Carbon nanotubes grown on carbon fiber yarns by a low temperature CVD method: A significant enhancement of the interfacial adhesion between carbon fiber/epoxy matrix hierarchical composites. Compos. Commun. 2017, 3, 33–37. [Google Scholar] [CrossRef]

	



Pozegic, T.; Hamerton, I.; Anguita, J.V.; Tang, W.; Ballocchi, P.; Jenkins, P.; Silva, S.R.P. Low temperature growth of carbon nanotubes on carbon fibre to create a highly networked fuzzy fibre reinforced composite with superior electrical conductivity. Carbon 2014, 74, 319–328. [Google Scholar] [CrossRef]

	



Lee, J.U.; Park, B.; Kim, B.-S.; Bae, D.-R.; Lee, W. Electrophoretic deposition of aramid nanofibers on carbon fibers for highly enhanced interfacial adhesion at low content. Compos. Part A Appl. Sci. Manuf. 2016, 84, 482–489. [Google Scholar] [CrossRef]

	



Malekimoghadam, R.; Hosseini, S.A.; Icardi, U. Bending analysis of carbon nanotube coated–fiber multi-scale composite beams using the refined zigzag theory. Aerosp. Sci. Technol. 2023, 138, 108328. [Google Scholar] [CrossRef]

	



Cook, G.M.; Tessler, A. A {3,2}-order bending theory for laminated composite and sandwich beams. Compos. Part B Eng. 1998, 29, 565–576. [Google Scholar] [CrossRef]

	



Christensen, R.; Lo, K. Solutions for effective shear properties in three phase sphere and cylinder models. J. Mech. Phys. Solids 1979, 27, 315–330. [Google Scholar] [CrossRef]

	



Shakhlavi, S.J. On nonlinear damping effects with nonlinear temperature-dependent properties for an axial thermo-viscoelastic rod. Int. J. Non-linear Mech. 2023, 153, 104418. [Google Scholar] [CrossRef]

	



Chauhan, A.; Bedi, H.S.; Agnihotri, P.K. Enhancing aging resistance of glass fiber/epoxy composites using carbon nanotubes. Mater. Chem. Phys. 2022, 291, 104418. [Google Scholar] [CrossRef]

	



Qu, C.-B.; Xiao, H.-M.; Huang, G.-W.; Li, N.; Li, M.; Li, F.; Li, Y.-Q.; Liu, Y.; Fu, S.-Y. Effects of cryo-thermal cycling on interlaminar shear strength and thermal expansion coefficient of carbon fiber/graphene oxide-modified epoxy composites. Compos. Commun. 2022, 32, 104418. [Google Scholar] [CrossRef]

	



Ma, P.-C.; Siddiqui, N.A.; Marom, G.; Kim, J.-K. Dispersion and functionalization of carbon nanotubes for polymer-based nanocomposites: A review. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1345–1367. [Google Scholar] [CrossRef]

	



Barbosa, A.P.C.; Fulco, A.P.P.; Guerra, E.S.; Arakaki, F.K.; Tosatto, M.; Costa, M.C.B.; Melo, J.D.D. Accelerated aging effects on carbon fiber/epoxy composites. Compos. Part B Eng. 2017, 110, 298–306. [Google Scholar] [CrossRef]

	



Nicholas, J.; Mohamed, M.; Dhaliwal, G.; Anandan, S.; Chandrashekhara, K. Effects of accelerated environmental aging on glass fiber reinforced thermoset polyurethane composites. Compos. Part B Eng. 2016, 94, 370–378. [Google Scholar] [CrossRef]

	



Khan, S.; Bedi, H.S.; Agnihotri, P.K. Augmenting mode-II fracture toughness of carbon fiber/epoxy composites through carbon nanotube grafting. Eng. Fract. Mech. 2018, 204, 211–220. [Google Scholar] [CrossRef]

	



Grammatikos, S.; Paipetis, A. On the electrical properties of multi scale reinforced composites for damage accumulation monitoring. Compos. Part B Eng. 2012, 43, 2687–2696. [Google Scholar] [CrossRef]

	



Seo, D.-C.; Lee, J.-J. Damage detection of CFRP laminates using electrical resistance measurement and neural network. Compos. Struct. 1999, 47, 525–530. [Google Scholar] [CrossRef]

	



Qin, J.; Wang, C.; Yao, Z.; Ma, Z.; Cui, X.; Gao, Q.; Wang, Y.; Wang, Q.; Wei, H. Mechanical property deterioration and defect repair factors of carbon fibers during the continuous growth of carbon nanotubes by chemical vapor deposition. Ceram. Int. 2021, 47, 19213–19219. [Google Scholar] [CrossRef]

	



Ouyang, Z.; Rao, Q.; Peng, X. Significantly improving thermal conductivity of carbon fiber polymer composite by weaving highly conductive films. Compos. Part A Appl. Sci. Manuf. 2022, 163, 107183. [Google Scholar] [CrossRef]

	



Yadav, S.K.; Kumar, A.; Mehta, N. Tailoring of physical properties of glassy selenium (g-Se) by using multi-walled carbon nanotubes (MWCNTs). Mater. Sci. Eng. B 2023, 290, 116310. [Google Scholar] [CrossRef]

	



Wang, S.; Haldane, D.; Gallagher, P.; Liu, T.; Liang, R.; Koo, J.H. Heterogeneously structured conductive carbon fiber composites by using multi-scale silver particles. Compos. Part B Eng. 2014, 61, 172–180. [Google Scholar] [CrossRef]

	



Suzuki, T.; Umehara, H. Pitch-based carbon fiber microstructure and texture and compatibility with aluminum coated using chemical vapor deposition. Carbon 1999, 37, 47–59. [Google Scholar] [CrossRef]

	



Yang, W.; Zhou, L.; Peng, K.; Zhu, J.; Wan, L. Effect of tungsten addition on thermal conductivity of graphite/copper composites. Compos. Part B Eng. 2013, 55, 1–4. [Google Scholar] [CrossRef]

	



Lee, S.B.; Matsunaga, K.; Ikuhara, Y. Effect of alloying elements on the interfacial bonding strength and electric conductivity of carbon nano-fiber reinforced Cu matrix composites. Mater. Sci. Eng. A 2007, 449-451, 778–781. [Google Scholar] [CrossRef]

	



Xia, Y.; Song, Y.-Q.; Lin, C.-G.; Cui, S.; Fang, Z.-Z. Effect of carbide formers on microstructure and thermal conductivity of diamond-Cu composites for heat sink materials. Trans. Nonferrous Met. Soc. China 2009, 19, 1161–1166. [Google Scholar] [CrossRef]

	



Nepal, S.; Das, B.; Das, M.K.; Das Sarkar, M.; Strójwąs, K.; Dmochowska, E.; Czerwiński, M. High tilted antiferroelectric liquid crystals: Polymer-based approach for phase stabilisation and device development. J. Mol. Liq. 2023, 375, 121297. [Google Scholar] [CrossRef]

	



Yildizel, S.A.; Tayeh, B.A.; Calis, G. Experimental and modelling study of mixture design optimisation of glass fibre-reinforced concrete with combined utilisation of Taguchi and Extreme Vertices Design Techniques. J. Mater. Res. Technol. 2020, 9, 2093–2106. [Google Scholar] [CrossRef]

	



Chua, M.; Chui, C.-K. Probabilistic predictive modelling of carbon nanocomposites for medical implants design. J. Mech. Behav. Biomed. Mater. 2015, 44, 164–172. [Google Scholar] [CrossRef]

	



Barter, G.E.; Robertson, A.; Musial, W. A systems engineering vision for floating offshore wind cost optimization. Renew. Energy Focus 2020, 34, 1–16. [Google Scholar] [CrossRef]

	



Zhang, X.; Hu, J.; Qian, R.; Wang, Y.; Yu, S.; Huang, Y.; Chen, Z.; Chen, D.; Zhang, S.; Eshun, F.T.; et al. Experimental and numerical research on opening size effect of novel short fiber reinforced composite laminates. Results Phys. 2023, 46, 106303. [Google Scholar] [CrossRef]

	



Ouyang, Y.; Chen, C. Research advances in the mechanical joining process for fiber reinforced plastic composites. Compos. Struct. 2022, 296, 115906. [Google Scholar] [CrossRef]

	



Um, H.-J.; Hwang, Y.-T.; Choi, K.-H.; Kim, H.-S. Effect of crystallinity on the mechanical behavior of carbon fiber reinforced polyethylene-terephthalate (CF/PET) composites considering temperature conditions. Compos. Sci. Technol. 2021, 207, 108745. [Google Scholar] [CrossRef]

	



Sadeghi, B.; Marfavi, Y.; AliAkbari, R.; Kowsari, E.; Ajdari, F.B.; Ramakrishna, S. Recent Studies on Recycled PET Fibers: Production and Applications: A Review. Mater. Circ. Econ. 2021, 3, 4. [Google Scholar] [CrossRef]

	



Kirshanov, K.; Toms, R.; Aliev, G.; Naumova, A.; Melnikov, P.; Gervald, A. Recent Developments and Perspectives of Recycled Poly(ethylene terephthalate)-Based Membranes: A Review. Membranes 2022, 12, 1105. [Google Scholar] [CrossRef]

	



Zhou, H.; Gao, F.; Gu, P. Research on laser ultrasonic propagation characteristics and quantitative detection of delamination of carbon fiber composite. Optik 2022, 271, 170173. [Google Scholar] [CrossRef]

	



Wu, J.; Gao, X.; Wu, Y.; Wang, Y.; Nguyen, T.T.; Guo, M. Recycling Carbon Fiber from Carbon Fiber-Reinforced Polymer and Its Reuse in Photocatalysis: A Review. Polymers 2023, 15, 170. [Google Scholar] [CrossRef]

	



Olam, M. Mechanical and Thermal Properties of HDPE/PET Microplastics, Applications, and Impact on Environment and Life; IntechOpen: Rijeka, Croatia, 2023. [Google Scholar] [CrossRef]

	



Zhang, D.; Milanovic, N.R.; Zhang, Y.; Su, F.; Miao, M. Effects of humidity conditions at fabrication on the interfacial shear strength of flax/unsaturated polyester composites. Compos. Part B Eng. 2014, 60, 186–192. [Google Scholar] [CrossRef]

	



Liu, Z.; Wang, H.; Yang, L.; Du, J. Research on mechanical properties and durability of flax/glass fiber bio-hybrid FRP composites laminates. Compos. Struct. 2022, 290, 115566. [Google Scholar] [CrossRef]

	



Xie, L.; Zhou, Y.; Xiao, S.; Miao, X.; Murzataev, A.; Kong, D.; Wang, L. Research on basalt fiber reinforced phosphogypsum-based composites based on single factor test and RSM test. Constr. Build. Mater. 2021, 316, 126084. [Google Scholar] [CrossRef]

	



Qing, L.; Sun, H.; Zhang, Y.; Mu, R.; Bi, M. Research progress on aligned fiber reinforced cement-based composites. Constr. Build. Mater. 2023, 363, 129578. [Google Scholar] [CrossRef]

	



Joy, D.C. Scanning electron microscopy for materials characterization. Curr. Opin. Solid State Mater. Sci. 1997, 2, 465–468. [Google Scholar] [CrossRef]








[image: Polymers 15 02946 g001 550] 





Figure 1. Schematic Diagram of pyrolysis process; (a) sample before pyrolysis machine (b) Pyrolysis machine (c) Sample after pyrolysis process. 
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Figure 2. (a) Grinder mill machine and (b) Planetary Ball Mill PM 100. 
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Figure 3. Material samples of (a) CF, (b) PET, (c) twin-screw extruder, and (d) prepared sample. 






Figure 3. Material samples of (a) CF, (b) PET, (c) twin-screw extruder, and (d) prepared sample.



[image: Polymers 15 02946 g003]







[image: Polymers 15 02946 g004 550] 





Figure 4. Sample Preparation (a) Bonding phase of the sample to make shoulders, (b) Finalized five tensile test samples. 
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Figure 5. Tensile testing machine with a material sample. 
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Figure 6. Stress-Strain curve for three samples of 10% PET composition. 
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Figure 7. Graphical representations of different mechanical properties (a–e) at different CF content (%). 
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Table 1. Physical and thermal properties of PET [69,70].
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	Parameters
	Values





	Density (g/cm3)
	1.38–1.56



	Specific heat capacity (J/kg·K)
	1000–1350



	Thermal conductivity (W/mK, 23 °C)
	0.15–0.4



	Mw (g/mol)
	30,000–80,000



	Mn (g/mol)
	8775



	Elements content (wt%)
	62%C, 4%H, 34%O



	Lower heating values
	22 MJ/kg



	Higher heating values
	36 MJ/kg



	Refractive index
	1.58–1.64



	Freezing resistance (°C)
	−50



	Usable max. Temperature (°C)
	70



	O2 permeability (%)
	0.1–0.4



	CO2 permeability (%)
	0.46



	Water absorption (%, after 24 h)
	0.3–0.5



	Tg (°C)
	67–80



	Tcc (°C)
	115–140



	∆Tcc (J/g)
	12–34



	Tc (°C)
	194–205



	∆Tc (J/g)
	29–55



	∆Tm (J/g)
	35–50



	Tm (°C)
	248–250
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Table 2. Mechanical properties of PET [69,70].
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	Parameters
	Values





	Storage modulus at 25 °C (MPa)
	2000–4200



	Storage modulus at 80 °C (MPa)
	242



	Tensile strength (MPa)
	40–60



	Young’s modulus (MPa)
	1000–3500



	Flexural strength (MPa)
	55–100



	Elongation at break (%)
	19–46



	Flexural modulus (MPa)
	2000–3500



	Impact strength (kJ/m2)
	4.6



	Hardness (Shore-A)
	96
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Table 3. Estimated experimental mechanical properties.
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	Material ID
	Elastic Modulus (GPa)
	Yield Strength (GPa)
	Tensile Strength (GPa)
	Toughness (GPa)
	Hardness (GPa)





	Pure PET
	2389.9
	87.6
	77.6
	148.2
	66.9



	CFRP 10%
	3970.0
	140.0
	118.0
	285.0
	73.2



	CFRP 20%
	4719.3
	166.7
	136.8
	390.6
	75.6



	CFRP 30%
	3730.0
	121.3
	108.0
	245.0
	78.2



	CFRP 40%
	1650.0
	65.0
	69.0
	118.0
	83.8
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Table 4. Representations of sample morphology using SEM.
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