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Abstract

:

In this study, we took a closer look at the thermal recyclability of CFRP composites used in the manufacture of high-pressure cylinders. Thermal analysis was used to determine the minimum temperature at which stable resin decomposition begins. The aim was to find temperature parameters and retention times with which the pyrolysis process is as economically viable as possible, and the recovered fibers retain optimum mechanical properties. The surface morphology of fibers annealed in both inert and oxidizing atmospheres was examined. In addition, the mechanical strengths under static as well as dynamic conditions of the newly manufactured laminates containing the recovered fibers were investigated. During research, it was found that reusing fibers is very difficult. The recycled carbon fibers were successfully compressed in an epoxy matrix in the form of a pre-impregnated carbon mat with the presence of air. The presence of oxygen during the thermal degradation of the composite severely damaged the surface and structure of the carbon fiber, causing composites made from these fibers to be mechanically weaker by more than 247%.
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1. Introduction


Composites containing, inter alia, glass or carbon fiber-reinforced duroplastics, are materials that offer exceptional strength, stiffness, and lightness. Due to their properties, they are widely used in the automotive industry and aerospace, as well as railways, wind turbines, yachts, medical devices, sports equipment, and tanks for storing gases such as hydrogen [1,2,3]. The global carbon fiber-reinforced plastic market size was valued at USD 23.6 billion in 2022. It is estimated to grow at a compound annual growth rate (CAGR) of 7.2% between 2023 and 2030 [4]. The rapid growth of the market means that tonnes of used duroplastic matrix composites are currently being sent to landfill. Projections indicate that a total of 531,000 tonnes of waste will be produced in EU countries in 2025, taking into account only the five sectors generating the most waste, such as wind power (60,000 tonnes), marine (70,000 tonnes), transport (88,000 tonnes), electrical and electronics (112,000 tonnes), and building and construction (195,000 tonnes) [5,6,7]. Due to the compact structure of composites and the properties of the polymer matrix (cross-linked duroplastic) and fibers, a universal, low-energy, and environmentally unobtrusive method for recycling them is not known. In the literature, we find many studies on the thermal recycling of carbon composites; unfortunately, most of them do not include simulations involving the processing of mixed composite scrap but only pure, selected carbon composites. Such developed processing methods are difficult to scale up to address the real problem of used composites and their recycling.



In economic terms, it is currently most cost-effective to send this type of waste to landfills (postponing the problem of neutralizing this waste to a later date) or to incinerate it (a high-energy process, often with an energy deficit as the polymer matrix accounts for about 3–40% of the composite mass). Due to transformation throughout the EU aimed at tightening directives on the subject of environmental protection, such a solution will be banned in the near future, as it poses serious risks to the environment, for instance, causing soil and water pollution and the release of greenhouse gases [8,9,10,11,12,13,14,15].



Recycling fiber-reinforced composites is a complex process due to the heterogeneous nature of the material and the strong chemical bonds between the fibers and the polymer matrix. The nature of the problem of recycling composites is evidenced by both the increase in the number of scientific publications and the financial investment in research on this issue. The currently known decomposition methods can be divided into mechanical, thermal, and chemical methods. Thermal recycling is currently the most widely used methodology used on an industrial scale to recycle carbon fiber-reinforced composites, especially in duroplastic matrices. These methods are based on the thermal treatment of composites in an inert atmosphere or vacuum to effectively decompose and remove the polymer matrix, leaving valuable carbon fibers [12,16,17,18]. Despite higher initial costs, pyrolysis is more cost-effective in the long term, as it recovers valuable, high-quality carbon fibers compared to the low-value product of mechanical recycling, which is mainly used as an additive for building materials such as concrete. Chemical recycling also has high costs, due to the significantly increased process time and the use of aggressive (concentrated acids) and/or organic solvents and their subsequent disposal [16,19,20,21]. For thermal methods such as pyrolysis, the heating temperature is carefully controlled, typically in the range of 350 °C to 700 °C, and is chosen to achieve an efficient degree of matrix decomposition, usually to gaseous products, while ensuring that the integrity and quality of the carbon fibers are maintained. The refinement of the process conditions is crucial, due to the risk of deteriorating the mechanical properties of the recovered carbon fibers, ultimately limiting their potential for reuse in high-performance applications [11,22,23,24,25,26]. In this study, extensive testing and an investigation of the potential for thermal recycling of spent composite gas cylinders, challenging as a waste to current practices, were carried out.




2. Materials and Methods


2.1. Initial Materials


The tested materials were samples from a cylinder designed to hold compressed gases (Figure 1). A commercially available pressure cylinder was constructed of high modulus carbon fiber (7200 MPa)-reinforced composites with a duroplastic matrix (epoxy resin) and an estimated service life of about 5 years. All carbon cylinders were manufactured in accordance with ISO 11119-3:2013 [27] and EN 12245:2009+A1:2011 [28]. The back of the container ruptured after the strength tests, so it was an ideal waste product for recycling and conducting further research. Perpendicular rectangular samples of 80 × 10 × 4 dimensions were taken and cut with an angle grinder.




2.2. Pyrolysis Process and Composite Lamination


The first task carried out in this work was to test the composite’s resistance to the air and nitrogen atmosphere and check the surface quality of the obtained recycled fibers. For this purpose, TG (thermogravimetry) tests were carried out by heating composite scrap at 140, 400, 500, 600, and 700 °C in an air and nitrogen atmosphere. This study aimed to determine the resistance of fibers to storage at high temperatures over time.



Pyrolysis at an experimentally determined temperature of the composite was carried out in an oven (tunnel furnace with a quartz chamber with an argon flow of 50 mL/min) at a temperature of 460 °C. The heating rate was 10 °C/min, and after reaching the set temperature, the isothermal process time was 60 min. For the comparison and verification of the effect of conditions on the thermal process, pyrolysis was performed in both an inert atmosphere (nitrogen) and an oxidizing atmosphere (air).



The recovered fibers were cleaned in two stages using an ultrasonic cleaner, (Elmasonic S130H, Łomża, Poland) first for 20 min in acetone (15 mL/1 g sample) and then for another 20 min in distilled water (15 mL/1 g sample). In the next step, the fibers were dried in a vacuum dryer at 80 °C for 60 min. The dried fibers were cut into pieces about 3–4 cm long, some of which were delaminated into finer strands (Figure 2).



New composite laminates containing the recovered fibers were made in silicone molds using Epidian 652 (Ciech, Nowa Sarzyna, Poland) epoxy resin and an IDA hardener in a ratio of 100:50. A total of 6 types of composite samples were created containing fibers after pyrolysis in air and nitrogen, which were divided into 3 groups: The first two had a fiber-to-matrix ratio of 60:40 and 40:60, while the third group also had a ratio of 60:40, but the fibers used were delaminated into finer strands. The fabricated wafer laminates were gravity-compressed in molds and left for 24 h until fully cross-linked. Finally, the samples were cut into cuboidal pieces suitable for mechanical testing. A summary of the breakdown of the samples used in this study is shown in Table 1.




2.3. Methods


In order to determine the effect of atmosphere and temperature during the pyrolysis process on the quality of the resulting fibers, thermal analysis tests and microscopic examinations were carried out using samples from the composite cylinder. Mechanical tests showing strength properties were carried out on the created laminates containing the fibers generated through the thermal recycling process.



2.3.1. Thermogravimetry Analysis (TGA)


The thermal analysis of the composites was carried out using DISCOVERY’s TGA550 apparatus (New Castle, DE, USA). The tests were carried out at a constant heating rate of 10 °C/min in an atmosphere of air and nitrogen. After reaching the final temperatures, namely 140, 400, 500, 600, and 700 °C, the samples were additionally held under isothermal conditions for 60 min. In the course of the research, an attempt was made to capture the temperature at which the thermal degradation process is sufficiently rapid to release the fibers while not damaging the fiber surface too rapidly.




2.3.2. Morphological Analysis by Scanning Electron Microscope (SEM)


Composite samples containing the released carbon fibers recovered after thermogravimetric analysis were subjected to microscopic examination using a Thermo Fisher Scientific Phenom Pharo scanning electron microscope (SEM) (Waltham, MA, USA). The aim of this study was to visualize the degree of fiber release from the matrix, investigate the surface quality after annealing, and compare the differences between the samples prepared under two atmospheres: nitrogen and air. Magnifications of 500 and 25,000 were used for all samples, and additional magnifications for temperature ranges of interest (400, 500, and 700 °C) were included.




2.3.3. Mechanical Strength—Bending Tests


The strength features of the static bending test were assessed according to the recommendations of the EN ISO 178 standards [29]. The tests were carried out on a Zwick/Roell 1445 RetroLine (Ulm, Germany) testing machine, series no.: 736.695. A preload of 0.1 MPa was set, the bending modulus speed was 2 mm/min, the test speed was 10 mm/min, and the support spacing was 64 mm. A normative specimen shape was used, with dimensions of 80 × 10 × 4 mm. The test was conducted at 23 °C and 51% RH (6 samples of each type were tested). Flexural testing involves both tensile and compressive stresses, as well as the interlaminar shear stress that is present in composite materials, and it is used to determine the durability of the interfacial bond in the composite. The bending test and the shear stress test are the best methods for testing delamination in a composite.




2.3.4. Dynamic Mechanical Analysis (DMA)


Dynamic mechanical analysis testing was carried out on a DISCOVERY DMA850 (New Castle, DE, USA) for cyclic bending. Samples of the created composite laminates using recycled fibers from the pyrolysis process were used. The dimensions of the samples were 60 × 10 × 4 mm. The reference for the composites was the cross-linked epoxy resin used to prepare the other samples. All analyses were performed in the air atmosphere, in the temperature range between 10 and 150 °C with a constant heating rate of 10 °C/min. The initial force was 5 N, amplitude 50 μm, frequency 10 Hz (3 samples for each type).






3. Results and Discussion


3.1. Thermal Decomposition/Stability of Composites


By carrying out a thermogravimetry study, it was possible to determine the thermal stability of the composite under various environmental conditions. The curves obtained, including the course of the first derivative after temperature, are shown in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7. For comparison purposes, the characteristic temperatures of the start and end of matrix decomposition and the amount of remaining material for each sample are noted in Table 2.



The analysis carried out up to a temperature of 140 revealed a slight decrease in the mass of the sample, while the release of the practical fibers itself had not yet begun. All changes in this regard were probably related to the evaporation of moisture from the surface of the test samples. In the second series of measurements, where the target temperature was 400 °C, the process of rapid mass loss started at 304 °C and 251 °C for the nitrogen and air atmospheres, respectively. The weight loss of the samples did not differ specifically between the atmospheres used and was around 15%. In the case of a measurement where the final temperature was 500 °C, the first greater difference was observed in the remaining mass of the tested samples. The residual mass of the composite annealed in nitrogen was 80.837%, while that of the sample in the oxidizing atmosphere was 77.301%. The temperature for both samples at which the rapid change in mass loss stopped, and the process became more stable was also recorded. Subsequently, for temperatures of 600 °C and 700 °C, greater mass loss was observed, involving the appearance of new matrix decomposition stages and increasingly significant discrepancies in the amount of residual substance between the atmospheres used. For 600 °C, the difference was 7.774 percentage points, while for 700 °C, the corresponding difference was 9.514 percentage points.



Of interest in the context of this analysis is the sheer characterization of the intensity of the various stages of matrix decomposition. For each sample, the inert atmosphere had a delayed effect on the onset of the mass loss process. Moreover, the degradation process in nitrogen had a strongly enhanced intensity in the region of 380–395 °C, which was best documented for the sample annealed to 700 °C, while in the case of the air atmosphere, there was a breakdown of the decomposition intensity into several stages. Notably, the range above 462 °C, where the next two visible stages of decomposition began, was only considered for the sample in the air atmosphere. In the case of an inert atmosphere, no visible changes were observed in the derivative curve obtained for the mass distribution. This fact is most likely indicative of the onset of degradation of the carbon fibers themselves in the presence of an oxidizing environment and high temperature. Degradation under an air atmosphere is much more rapid compared to the process carried out in nitrogen. The oxygen present in the air atmosphere causes the oxidation of the matrix as well as the decomposition of its products to the oxides of the matrix-building elements (including their size). In the case of pyrolysis in a nitrogen atmosphere, the decomposition process is more gradual, and liquid decomposition products such as phenolic and aromatic compounds or esters, acids, and benzyl compounds may also be formed [5,11,30].



A further stage of the study involved analyzing the isotherms formed from holding the samples at a specific temperature. The resulting curves are shown in a summary form in Figure 8 and Figure 9. Table 3 details the annealing weight loss and residual material for each of the tested samples. The effect of holding the sample at 140 °C resulted in a slight loss of mass but reached more than double that of nitrogen in the case of the air atmosphere. At 400 °C, the weight loss was 4.6% and 6.1%, respectively, relative to the initial value, but the residual mass differed by only about 0.4%. At 500 °C, a greater difference was observed due to the atmospheres used. In nitrogen, the decrease in mass was less than that obtained at 400 °C. This fact may indicate that a greater degree of matrix decomposition occurred before reaching 500 °C. In contrast, in atmospheres involving oxygen, the mass loss was at a similar level to that occurring at 400 °C. At 600 °C, a significant decrease of about 20% was recorded in the air atmosphere, and consequently, 50% of the initial mass of the composite remained at the end of the test. In a nitrogen atmosphere, the mass loss occurred to a much lesser extent, at a level close to the values achieved at 400 and 500 °C. A holding temperature of 700 °C in air resulted in a sample loss of almost 64%, thus reducing the remaining mass to less than 1%. In contrast to this is the result obtained for annealing the composite in the presence of nitrogen, where the degree of mass loss was 0.223% and the residual mass was not very different from that obtained at 600 °C, i.e., 74.203%.



Since the temperature of the end of the mass distribution for the samples was in the range between 456 and 462 °C, we also took a closer look at the isotherms formed for temperatures of 400 and 500 °C. The resulting curves, along with a plot of the first derivatives after time, are shown in Figure 10 and Figure 11. It is easy to see that the greatest changes occurred during the first ten minutes after reaching the set temperature. This phenomenon is particularly evident for the sample annealed at 500 °C in an air atmosphere.



Based on the analyses performed and the established temperature values at which the rate of change in the mass of the samples stabilized, 460 °C was determined to be a suitable temperature for the pyrolysis of CFRPs obtained from a waste composite cylinder (the obtained value is close to the optimum distribution temperatures referred to by the authors of other publications [11,23,31]). This was considered to be the smallest temperature at which the fibers would be freely released without rapid transformations. It is also the temperature that will allow for a reasonably rapid release, which, on an industrial scale, will reduce the time it takes to anneal the fibers, thereby reducing the energy supplied to the furnace.




3.2. Morphological Analysis


The samples recovered after thermogravimetric analysis were examined under a scanning electron microscope. The aim of this examination was to visualize the process of fiber release from the resin, assess the surface quality after annealing, and compare the differences resulting from the specific atmosphere used during thermogravimetric analysis. The results of the SEM morphological analysis are presented below in the form of the images taken (Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19). Each set of images in the figures below shows two samples after TGA analysis carried out under isothermal conditions at a specific holding temperature. The left column (A,C) shows the samples held in a nitrogen atmosphere, and the right column (B,D) shows samples in an oxidizing atmosphere. Each figure contains successive magnifications ranging from 500× to 150,000×.



The samples annealed at 140 °C have a virtually intact structure. At 500× magnification, a great amount of resin residue can be seen on the fibers, especially on the sample from the analysis in nitrogen. The brighter areas in the images of the samples analyzed in nitrogen also indicate the presence of resin on the fiber surface, and using the Secondary Electron Detector (SED), it can be seen that the convex areas are brighter than the flat ones. Further approximations show fibers glued together, and it is not possible to distinguish the individual fibers released. The only noticeable difference between the samples annealed in the presence of different atmospheres is the presence of cracks on the surface of the composite in contact with the oxidizing environment.



The samples annealed at 400 °C are characterized by relatively large fragments of resin residue on the fiber surface. The use of the SED allowed more details to be identified. In the case of larger blow-up images, it is possible to observe the effective beginning of the fiber release process, which can be singularly detailed. It is noteworthy that the fiber topography itself appears to be intact after thermogravimetry testing in a nitrogen atmosphere, whereas those analyzed in the air have small depressions on the surface.



Microscopic observations of both samples annealed at 500 °C at the lowest magnification of 500× show a single, released carbon fiber. Higher magnifications, however, revealed many small epoxy resin residues on the fibers released in the nitrogen atmosphere, but importantly, no damage was observed. In the case of the sample held in an oxidizing atmosphere, the fibers were almost completely freed from the resin. It is worth noting, however, that the first defects appeared on their surface, already visible at 25,000× magnification and detailed at higher image zooms.



The samples pyrolyzed at 600 °C are characterized by the complete release of fibers from the matrix. At higher image blow-ups, only trace residues of matrix decomposition products are observed. The surface topography mostly exhibits defects in both cases. The sample after TGA analysis in nitrogen at the last two magnifications shows a large number of small cracks in many places. The sample subjected to TGA in oxygen is already characterized by a high level of imperfection density at 12,000× magnification. Enlargement to 100,000× particularly showed the virtually complete destruction of the fiber surface.



The greatest differences in surface morphology were observed when tests were conducted at 700 °C. The first magnification showed a significant difference between the two samples. While in the case of the sample analyzed in a nitrogen atmosphere, the appearance and shape of the fibers were preserved, the sample after TG analysis in the air was completely degraded. In the case of the fibers annealed in nitrogen, the structure in the volume was preserved, while the entire surface exhibited severe defects. A photograph of the sample held in air taken at 1000× magnification reveals only the delaminated fiber remnants tangled together. Larger blow-ups reveal that the fibers were broken and torn throughout. With an image zoom of 100,000×, the individual graphite lobes that build up the individual carbon fibers can be seen.




3.3. Mechanical Strength—Flexural Tests


The mechanical properties of the fabricated composites were determined using a static bending test. A summary of the stress–strain curves obtained for sample specimens from each test is shown in Figure 20. Table 4 shows the results of the average values of Young’s modulus in bending, bending strength, and maximum strain.



The flexural strength of the obtained laminates is also significantly lower than the values reported by manufacturers of new, non-recycled fibers. This fact may have been influenced by the phenomenon of poor seepage of fibers through the matrices, resulting in a deterioration of mechanical properties. Comparing the samples annealed in different atmospheres, it can be seen that composites containing the fibers recovered in the presence of nitrogen exhibit visibly higher strength in all cases. The highest values were achieved for materials containing 60% fibers. In addition, the process of grinding the fibers recovered from the pyrolysis process had a positive effect on the extensibility properties. This relationship is evident in the case of both nitrogen and air application, as an increase in tensile strength by 21% and 28%, respectively, was obtained relative to samples in which the fibers were not fragmented.



Analyzing the strain values of the samples, it can be seen that fibers recovered in an air atmosphere are characterized by higher strain, making them more flexible. This relationship is evident for the obtained values of modulus, where composites containing the recovered fibers in the presence of an inert atmosphere are characterized by higher values of this parameter relative to their counterparts derived from annealing in an oxidizing atmosphere. The samples characterized by the highest values of modulus were C-60%-N and C-60%-N-Z, reaching values of 2051.7 and 1834.7 MPa.




3.4. Results of Dynamic Mechanical Analysis (DMA)


The results of the DMA measurements are presented in the form of summary plots of the conservative modulus, loss modulus, and loss factor for each type of composite (Figure 21 and Figure 22). All graphs were plotted as a function of temperature. The summarized collection of the values of the storage modulus, the loss modulus of the samples obtained for room temperature (22 °C), and the temperature at the maximum value of the tangent of the angle of mechanical loss are included in Table 5.



The graphs for the storage modulus showed a downward trend with increasing temperature in all cases. Worth noting is the point at which the function becomes inflected, and there is then a sharp drop in modulus. This point was detected in the temperature range from 40 °C to 60 °C, depending on the sample, and is related to the glass transition temperature. It is also usually the maximum temperature at which the material can operate while retaining all its mechanical properties. Among the samples pyrolyzed in a nitrogen atmosphere, a laminate with 60% ground fiber content achieved the highest storage modulus. The highest modulus of the samples recovered in the air was achieved by a laminate with 60% shredded fiber content. Comparing samples with the same carbon content and prepared in the same way, the better values of the conservative modulus were obtained by laminates with fibers pyrolyzed in the presence of an inert atmosphere. Furthermore, for both atmospheres, the effect of fragmenting the fibers prior to composite formation increased the modulus. It is noteworthy that all composites obtained lower values than the reference sample, which was a cross-linked epoxy resin. This fact can be explained by the occurrence of insufficient bonding at the fiber–matrix interface, and the presence of defects.



The curve of the loss modulus as a function of temperature is similar in character to that of the conservative modulus. This relationship was observed for all samples, with the onset of a sharp increase also observed in the 40–60-degree range. Similarly, the highest values were obtained for the sample containing 60% shredded fibers from the recycling process carried out in nitrogen and for the composite with 60% recycled shredded fibers in air. The graphs also show characteristic peaks that occur for the glass transition temperature of the sample, which is the temperature at which the rigid composite becomes more ductile. Table 6 presents the determined values of the glass transition temperature for each of the laminates and for the resin. The glass transition temperatures are indirectly related to the values of the loss modulus; the higher the loss modulus, the higher the glass transition temperature. An exception is the sample with 60% fiber content obtained in an air atmosphere, which had the highest glass transition temperature of 65.7 °C among the laminates. In contrast, the pure resin sample had the highest glass transition temperature overall.



The tan δ diagrams (Figure 23) as a function of temperature reveal to what extent the energy in the material is dissipated under the applied stress. With the exception of specimen C-60%-A-Z, the graphs obtained have a characteristic appearance with a single, distinct peak in the vicinity of the glass transition temperature. The analysis can therefore be performed by comparing tan δ values before and after the glass transition temperature. High energy absorption before the glass transition temperature was achieved by the samples made of fibers recycled in a nitrogen atmosphere, with the exception of the sample with lower fiber content. Among the fiber laminates heated in air, the sample with 40% fiber content showed the highest energy absorption. When the glass transition temperature was reached, a slight decrease in function was observed in the graphs of the fiber laminates recovered in nitrogen and for the C40P sample. This demonstrates the good energy absorption properties in relation to stress. The graph of sample C-60%-A after reaching the glass transition temperature is characterized by a sharp decrease, which indicates poor energy absorption properties at higher temperatures. The graph obtained for the C-60%-A-Z sample after the glass transition indicates an initial decrease and then the curve is almost constant, followed by a rapid increase. This tendency is probably due to partial damage to the sample during the test.





4. Conclusions


In conclusion, this study investigated the possibility of recycling carbon fiber-reinforced composites by pyrolysis. The thermal analysis of the composite samples made it possible to investigate the influence of temperature and atmosphere on the process of fiber release from the matrix. The thermogravimetry study revealed a decomposition mechanism of the resin matrix that involved several stages, and a strongly degrading effect of the oxidation process on the carbon fibers particularly occurring at high temperatures. Microscopic observations of the samples recovered after the test showed released fibers in most cases, but the fibers annealed in the presence of air showed a significantly degraded surface quality relative to the samples pyrolyzed in nitrogen. Reaching a temperature of 700 °C and isothermally holding the samples in the presence of oxygen resulted in the almost complete degradation of the fibers, as evidenced by the results from the thermal analysis and the images taken with a scanning electron microscope. The tests carried out made it possible to select a pyrolysis temperature of 460 °C and a time of 60 min to carry out further operations. Recycling should be carried out at the lowest possible temperature at which all composite constituents except the fibers are broken down into gaseous and solid products. The use of temperatures higher than 460 °C is energetically unjustified and is associated with an increased risk of fiber deterioration.



Analyzing the obtained results of mechanical properties for composites made using recycled fibers, it can be concluded that the strength parameters obtained for the samples deviate from the expected values. This fact may have been influenced by the poor level of fiber permeation and the formation of air bubbles and other defects after cross-linking. This fact illustrates the need for additional steps in the preparation of composites containing recovered fibers, such as pressing. Leading the way, however, is the dependence on achieving higher strength parameters for composites containing fibers recovered in nitrogen. The inert atmosphere proved to be crucial in protecting the fibers from excessive surface deterioration. Samples containing 60% recycled carbon fiber, pyrolyzed in nitrogen, exhibited an average 247% higher bending strength compared to samples containing 40% recycled carbon fiber and 260% higher density compared to samples containing 60% recycled carbon fiber in an air atmosphere.



Analogous conclusions were drawn from DMA tests in which samples were subjected to cyclic bending. An additional relationship observed was that the fragmentation of the recovered fibers facilitated the formation of better adhesion bonds at the fiber–matrix interface, which also resulted in an increase in the strength of the composites. It is worth mentioning, however, that thermally recovered fibers can have a significantly altered surface structure relative to virgin fibers. Physiochemical modification (e.g., re-silanization) may be necessary to achieve better adhesion with the epoxy matrix when reusing the recyclate. However, this research proved the effectiveness of the thermal recycling process of CFRP composites itself and provided insights for further developments in the reuse of materials considered waste and the policy of sustainability itself.



Samples containing 60% recycled carbon fiber, pyrolyzed in nitrogen, exhibited a higher storage modulus compared to samples containing 40% recycled carbon fiber (an increase of 537%) and a higher density compared to samples containing 60% recycled carbon fiber in an air atmosphere (an increase of 426%). The characteristics of the resulting material changed from a densified composite to a porous nonwoven fabric, where the fibers and resin formed a composite matrix with a high content of open porosity.



Recycling carbon fibers from composite materials has significant environmental implications, primarily in reducing waste and minimizing the carbon footprint associated with producing virgin fibers. Recycling carbon fiber-reinforced composites helps divert waste from landfills. This is crucial as CFRPs are challenging to dispose of due to their durability and resistance to degradation.
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Figure 1. The composite cylinder used for pressurized gas storage. 
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Figure 2. Carbon fibers recovered after annealing in nitrogen atmosphere (left), air (center), and nitrogen after additional delamination into finer strands (right). 
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Figure 3. Results of TG tests carried out to reach 140 °C conducted in a nitrogen and air atmosphere. 
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Figure 4. Results of TG tests carried out to reach 400 °C conducted in a nitrogen and air atmosphere. 
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Figure 5. Results of TG tests carried out to reach 500 °C conducted in a nitrogen and air atmosphere. 
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Figure 6. Results of TG tests carried out to reach 600 °C conducted in a nitrogen and air atmosphere. 
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Figure 7. Results of TG tests carried out to reach 700 °C conducted in a nitrogen and air atmosphere. 
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Figure 8. Isotherms generated at different temperatures in an air atmosphere. 
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Figure 9. Isotherms generated at different temperatures in a nitrogen atmosphere. 
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Figure 10. Results of TGA tests during isothermal heating at 400 °C carried out in a nitrogen and air atmosphere. 
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Figure 11. Results of TGA tests during isothermal heating at 500 °C carried out in a nitrogen and air atmosphere. 
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Figure 12. Pictures of samples C-140-N (A,C) and C-140-A (B,D) taken at a blow-up of 500× (A,B) and 25,000× (C,D). 
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Figure 13. Pictures of samples C-400-N (A,C) and C-400-A (B,D) taken at a blow-up of 500× (A,B) and 5000× (C,D). 
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Figure 14. Pictures of samples C-400-N (A,C) and C-400-A (B,D) taken at a blow-up of 25,000× (A,B) and 150,000× (C,D). 
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Figure 15. Pictures of samples C-500-N (A,C) and C-500-A (B,D) taken at a blow-up of 500× (A,B) and 5000× (C,D). 
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Figure 16. Pictures of samples C-500-N (A,C) and C-500-A (B,D) taken at a blow-up of 25,000× (A,B) and 150,000× (C,D). 
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Figure 17. Pictures of samples C-600-N (A,C) and C-600-A (B,D) taken at a blow-up of 1000× (A,B) and 25,000× (C,D). 
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Figure 18. Pictures of samples C-700-N (A,C) and C-700-A (B,D) taken at a blow-up of 500× (A,B) and 25,000× (C,D). 
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Figure 19. Pictures of samples C-700-N (A,C) and C-700-A (B,D) taken at a blow-up of 50,000× (A,B) and 100,000× (C,D). 
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Figure 20. Stress–strain diagram obtained for bending test of composite specimens. 
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Figure 21. DMA test results showing the temperature dependence of the storage modulus obtained for composite samples. 
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Figure 22. DMA test results showing the temperature dependence of the loss modulus obtained for composite samples. 
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Figure 23. DMA test results showing the temperature dependence of the loss factor (tan δ) obtained for composite samples. 
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Table 1. Description of composites created using recycled fibers.






Table 1. Description of composites created using recycled fibers.





	Sample Name
	Carbon Fiber Content

[%]
	Epoxy Content

[%]
	Type of Atmosphere





	C-40%-N
	40
	60
	Nitrogen



	C-60%-N
	60
	40
	Nitrogen



	C-60%-N-Z 1
	60
	40
	Nitrogen



	C-40%-A
	40
	60
	Air



	C-60%-A
	60
	40
	Air



	C-60%-A-Z 1
	60
	40
	Air



	Epoxy resin
	-
	100
	-







1 Z—fibers used were delaminated into finer strands.













 





Table 2. Summary of characteristic temperatures of the start and end of matrix decomposition and the amount of remaining material for each sample.






Table 2. Summary of characteristic temperatures of the start and end of matrix decomposition and the amount of remaining material for each sample.





	
Maximum Temperature [°C]

	
Type of Atmosphere

	
Temperature of Onset of Matrix Decomposition [°C]

	
Temperature of Endset of Matrix Decomposition [°C]

	
Residual

Mass [%]






	
140

	
Nitrogen

	
-

	
-

	
99.82




	
Air

	
-

	
-

	
99.74




	
400

	
Nitrogen

	
304.00

	
-

	
83.19




	
Air

	
251.04

	
-

	
84.35




	
500

	
Nitrogen

	
286.10

	
461.44

	
80.84




	
Air

	
254.71

	
458.11

	
77.30




	
600

	
Nitrogen

	
279.87

	
461.19

	
77.71




	
Air

	
253.02

	
456.83

	
69.94




	
700

	
Nitrogen

	
330.16

	
460.85

	
74.41




	
Air

	
254.58

	
459.40

	
64.92











 





Table 3. Values of mass losses considering the isotherms generated in the tested atmospheres.
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Annealing Temperature [°C]

	
Atmosphere

	
Weight Loss

[%]

	
Residual Mass

[%]






	
140

	
Nitrogen

	
0.106

	
99.687




	
Air

	
0.261

	
99.555




	
400

	
Nitrogen

	
4.601

	
78.584




	
Air

	
6.156

	
78.180




	
500

	
Nitrogen

	
1.982

	
78.450




	
Air

	
6.809

	
50.110




	
600

	
Nitrogen

	
3.415

	
74.290




	
Air

	
19.877

	
50.110




	
700

	
Nitrogen

	
0.223

	
74.203




	
Air

	
63.751

	
0.752











 





Table 4. Stress-bending results of composite specimens.






Table 4. Stress-bending results of composite specimens.





	Sample Name
	Modulus [MPa]
	Flexural Strength [MPa]
	Strain at Flexural Strength [%]





	C-60%-N
	2051.7 ± 97.4
	53.0 ± 3.2
	3.2 ± 0.3



	C-40%-N
	227.42 ± 8.7
	18.8 ± 2.6
	16.7 ± 1.2



	C-60%-N-Z 1
	1834.7 ± 89.6
	64.3 ± 2.8
	5.2 ± 0.4



	C-60%-A
	114.8 ± 10.8
	14.3 ± 2.2
	17.1 ± 1.6



	C-40%-A
	190.4 ± 19.4
	15.0 ± 3.1
	6.2 ± 1.1



	C-60%-A-Z 1
	322.2 ± 13.2
	18.3 ± 1.5
	11.1 ± 0.8







1 Z—fibers were delaminated into finer strands.













 





Table 5. DMA test values for the composites.
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	Sample Name
	Storage Modulus at 22 °C [GPa]
	Loss Modulus at 22 °C [GPa]
	Temp. at the Max Value of the Tangent of the Angle of Mechanical Loss [°C]





	Epoxy resin
	2.408 ± 0.021
	0.183 ± 0.010
	90.264



	C-40%-N
	0.128 ± 0.013
	0.005 ± 0.003
	76.714



	C-60%-N
	0.615 ± 0.016
	0.046 ± 0.008
	63.059



	C-60%-N-Z 1
	1.514 ± 0.020
	0.244 ± 0.013
	74.094



	C-40%-A
	0.206 ± 0.009
	0.018 ± 0.003
	57.234



	C-60%-A
	0.069 ± 0.008
	0.003 ± 0.001
	65.715



	C-60%-A-Z 1
	0.336 ± 0.010
	0.015 ± 0.002
	72.603







1 Z—fibers were delaminated into finer strands.













 





Table 6. Values of the glass transition temperature for each of the laminates and resin.






Table 6. Values of the glass transition temperature for each of the laminates and resin.





	
Sample Name

	
Glass Transition Temperature [°C]




	
Nitrogen

	
Air






	
Epoxy resin

	
76.5




	
C-40%

	
58.2

	
57.2




	
C-60%

	
63.1

	
65.7




	
C-60% Z 1

	
66.3

	
53.1








1 Z—fibers were delaminated into finer strands.
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