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Abstract

:

Carbon fibers (CF) and their composites (CC) are one of the world’s most promising and avant-garde high-performance materials, as they combine excellent mechanical characteristics with high weight reduction potential. Polyethylene (PE) is the perfect alternative precursor for CF as it combines widespread availability, low cost, high carbon content, and, most importantly, precursor fibers that can be produced via melt-spinning. PE-based CF production involves a challenging and time-consuming diffusion-limited chemical stabilization step. The work presented in this article tackles the challenge of reducing the chemical stabilization process time by converting a bicomponent island-in-the-sea fiber, consisting of PA6 as sea matrix and HDPE as island material, into an ultra-thin PE-precursor fiber. The produced precursor fiber is then successfully converted into an ultra-thin PE-based CF through sulfonation and subsequent carbonization in a continuous set-up. The resulting CF has a smooth surface with no observable surface defects and a filament diameter of around 3 µm. The successful conversion to ultra-thin CF is shown in both batch and continuous processes. Additionally, a reduction in sulfonation reaction time from 4 h to 3 h is achieved.
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1. Introduction


Carbon fibers (CF) are among the most promising high-performance materials due to their excellent mechanical properties and low density. When compared to steel, carbon fiber reinforced composites can achieve a weight reduction of 45–80% [1]. The aerospace industry heavily relies on these characteristics and is willing to pay the current high cost of commercial carbon fibers, making it the largest consumer of carbon fibers worldwide, based on the monetary market size [2,3,4,5]. Meanwhile the wind energy sector has taken over as the biggest end-use market overall for carbon fibers [5]. Carbon composites (CC) are also extremely interesting for the automotive industry due to their excellent mechanical properties and potential for weight reduction, which can make survival cells for cars up to eight times lighter and safer than conventional cells [6].



However, the widespread implementation of carbon fibers in the automotive industry and other applications is hindered by their high cost. Currently, commercially available carbon fibers used in the automotive industry have an average price range of 15–25 € per kilogram [7,8]. Many experts consider a fiber price below 10 €/kg as the turning point for mass production of carbon fibers and their composites [9,10]. Currently, over 96% of global carbon fiber production is based on polyacrylonitrile (PAN) precursors [11]. The main cost driver in the production of PAN-based carbon fibers is the production of the precursor by the wet-spinning process, which accounts for about 50% of the total production costs [12]. To overcome this hurdle, alternative precursor fibers can be explored to reduce production costs and expand the application areas of carbon fibers across industries. Polyethylene (PE), a polyolefin, is a promising candidate as an alternative precursor material.



PE is the most industrially used thermoplastic polymer, with an annual production exceeding 80 million tons [13]. It has a molecular structure with no heteroatoms apart from hydrogen, and a carbon content of approximately 86%. These characteristics suggest that PE could achieve better carbon fiber yields than PAN, with carbon yields of up to 70% reported in the literature [14]. PE can be melt spun at a low cost and at speeds of up to 6000 m/min [15,16]. Analogues to PAN, PE must be also stabilized before carbonization. The stabilization involves sulfonation with hot sulfuric acid, which cross-links the PE polymer and prevents the melting of the fibers during the carbonization process. In parallel, desulfonation reactions further stabilize the polymer through the creation of intramolecular carbon double-bonds, which are formed by the degradation of the unstable sulfuric acid groups incorporated in the sulfonation process [16,17,18,19]. Optimizing the sulfonation step is crucial for the successful implementation of PE as a viable and efficient replacement for PAN as a carbon fiber precursor [20]. A recent extensive review on the production of PE-based carbon fibers was published recently by Röding et al. [21].



Using high-density PE (HDPE), carbon fibers have already been produced with a tensile modulus of 178 GPa and 2.53 GPa tensile strength [22,23,24,25]. These results exceed the values determined for tensile modulus and tensile strength by the Department of Energy Vehicles Technology of 172 GPa and 1.72 GPa, respectively, leading to the assumption that such values can be achieved with optimization of the intrinsic reaction and processes. This optimization is crucial for advancing and implementing applications in the automotive industry, in conjunction with reducing the long and intensive sulfonation process and costs [26,27]. In a recent study conducted at the Institut für Textiltechnik of RWTH Aachen University (ITA) in collaboration with industrial partners, a cost model was developed showing that the use of PE as a precursor material could reduce carbon fiber production costs by 51% [28]. In conclusion, there are two main challenges still to be addressed for the industrial production of PE-based carbon fibers and their broader application, as follows:




	
long sulfonation process



	
improvement of the mechanical properties of PE-based carbon fibers








Griffith’s theory delineates that the tensile strength of a fiber is delimited by its biggest defect, and most defects in carbon fibers are created by gas molecules exiting the fiber during carbonization [29]. These defects appear randomly, and their mathematical probability increases with the volume of the fiber [30]. As a result, reducing the diameter of the fiber can decrease its volume and subsequently reduce defects. Consequently, the diameter of the PE precursor must be reduced significantly. The reduction of the filament diameter can also shorten the required time for the successful stabilization of the PE precursor, as the challenging sulfonation step is a diffusion-limited process. Currently, commercially available PAN-based carbon fibers have a diameter of 5–8 μm [31]. PE-based CF conventionally has a filament diameter of 6.9–19.0 μm [21].



To achieve ultra-thin PE precursor fibers with diameters below 5 μm, a bicomponent melt-spinning approach using islands-in-the-sea (INS) fibers is employed. These fibers consist of a sea component, which in this study is polyamide 6 (PA6) due to its solubility in sulfuric acid, and ultra-thin PE islands within it [32,33]. The production process of ultra-thin PE-based carbon fibers differs from that of conventional PE-based carbon fibers, as it requires a dissolution step to isolate the desired ultra-thin PE precursor filaments by removing the PA6 component. A comparison of the individual steps in the production of conventional PE-based and ultra-thin PE-based CF is depicted in Figure 1.



The objective of this study is to assess the feasibility of producing ultra-thin PE-based carbon fibers with a diameter < 4 µm from INS fibers with PA6 as the sea component, to reduce the sulfonation process time. Therefore, the evolution of the fiber morphology and properties will be thoroughly monitored during the dissolution process of the PA6 component as well as during the sulfonation and carbonization steps in both batch and continuous setups. These investigations will provide a comprehensive understanding of the characteristics of the stabilized and carbonized fibers, offering a novel approach to the production of ultra-thin PE-based carbon fibers. Finally, the findings of this study will contribute to advancing the commercial applications of PE-based carbon fibers.




2. Materials and Methods


2.1. Precursor Material


The PA6 used is the Ultramid® B24 N 02, produced by the German company BASF SE, Ludwigshafen. It is suited for fiber production as it allows for high-speed spinning. The polymer is readily available and is primarily used in the textile industry for fiber production.



The polyethylene used is a high-density polyethylene named HDPE MM810, manufactured by SK Global Chemical Co. Ltd., based in Seoul, Republic of Korea. The HDPE is particularly suited for the application of a fiber bond due to its exceptional processability and adhesive characteristics.



The INS precursor is melt-spun and produced by Hills, Inc., Melbourne, FL, USA. Each INS filament consists of a PA6 matrix (40 wt%) and 61 individual PE filaments (60 wt%). These fibers are combined into precursor fibers with 3000 INS filaments, resulting in a total of 183,000 PE-filaments at the ITA. They are then treated with a spin finish, specifically LIMANOL C 167 AS from the company Schill + Seilacher GmbH, Böblingen, Germany. The precursor is referred to as HDPE-INS.




2.2. Stabilization


2.2.1. Batch PA6 Dissolution


First, the produced INS-precursor fibers undergo a pre-treatment step in which the PA6 component (“Sea” component) is dissolved. Dissolution trials are conducted using a batch reactor, as depicted in Figure 2.



The reactor is a double-walled glass structure. The reaction temperature is adjusted by circulating heated silicone oil through the gap between the walls, which is supplied by a heating module. The reactor is filled with one liter of 96% concentrated sulfuric acid. To keep the fibers in place during the reaction, they are held in the acid using a polytetrafluoroethylene (PTFE) piece that guides and secures them. Kynol fiber, manufactured by Kynol Europa GmbH in Hamburg, Germany, is attached to both ends of the INS-precursor fiber due to its superior chemical resistance. This ensures that the INS fiber remains immersed in the acid without rupturing at the PTFE piece’s edges. Additionally, weights are attached to one end of the Kynol fiber to maintain constant tension on the INS fiber. On one side, the Kynol fiber is fixed, while the weights can be attached on the other side. The dissolution of PA6 is investigated under the conditions outlined in Table 1.



The reaction time is varied from 0.5 h to 3.5 h, the temperature ranges from 40 °C to 120 °C, and the fiber tension is adjusted between 0.4 MPa and 1.3 MPa. At each sampling time, the fibers are extracted from the reactor by cutting down the Kynol fibers and pulling out the fiber. These extracted fibers are then wound onto a glass rod and allowed to cool for 10 min. Subsequently, they are immersed in a water bath for 10 min before being air-dried overnight at room temperature.




2.2.2. Batch Sulfonation


The INS-precursor fibers undergo sulfonation after the dissolution of their PA6 component, utilizing the same batch reactor employed for the dissolution process. The experimental setup is depicted in Figure 2. Similar to the dissolution process, Kynol fiber is attached to both ends of the measured PE-precursor fiber to prevent rupturing at the borders of the PTFE piece. Additionally, weights are attached to maintain a defined tension on the PE fiber. The Kynol fibers are fixed on one side, while the weights are attached on the other side. The batch sulfonation trials were conducted under the conditions specified in Table 2.



The reaction time varied from 1 h to 4 h, with tension ranging between 0.4 MPa and 1.3 MPa, while the temperature was maintained at 120 °C. At each sampling point, the sulfonated PE fibers are extracted from the reactor by cutting the Kynol fibers and pulling out the PE fiber. These fibers are then wound onto a glass rod and allowed to cool for 10 min. Subsequently, they are immersed in a water bath for 10 min before being air-dried overnight at room temperature. The sulfonated samples are subjected to analysis using techniques such as TGA, DSC, gas pycnometry, FTIR, single filament tensile tests, and light microscopy.




2.2.3. Continuous Dissolution of PA6 and Sulfonation


In the continuous set-up, the dissolution of PA6 and the sulfonation steps are combined and carried out using a single set-up. The setup consists of four borosilicate tanks mounted on a mobile aluminum structure with an acrylic glass enclosure. Each tank is equipped with a rig mounted on its lid to guide the fibers through the tank. The tanks are connected to a lifting mechanism that allows the fibers and rig to be fully lifted out of the tanks. Two sets of godets are positioned at the entrance and exit of the pilot setup to facilitate the movement of fibers through the tanks. Finally, a winder is placed after the exit godet pair to wind the fibers onto a bobbin. During continuous sulfonation, only two of the tanks are utilized. The second tank is filled with approximately 20 L of 96% concentrated sulfuric acid, while the fourth tank is filled with deionized water. After passing through the treatment tank, the fiber is washed in the water tank. Lastly, the fiber is guided through the final godet duo and wound onto a bobbin. The setup is illustrated in Figure 3. Throughout all zones of the continuous stabilization process, the force on the fiber is manually measured immediately after the treatment tank and after the water tank. The tables below provide the parameters for the two different continuous stabilization trials of the HDPE-INS precursor. Zones A.1 and A.2 refer to the dissolution of PA6, while Zones 1, 2, and 3 correspond to the sulfonation zones. In the trial where PA6 is dissolved at 40 °C, the fiber is pulled in a stretch-controlled manner. In the sulfonation zones, the pulling is force-controlled (Table 3). The continuous sulfonation samples are analyzed using gas pycnometry, FTIR, and light microscopy.



In the trial with the dissolution of PA6 at 60 °C, the fiber pulling is force-controlled in all zones (Table 4).





2.3. Carbonization


2.3.1. Batch Carbonization


The sulfonated fibers are carbonized using a batch set-up, as depicted in Figure 4.



The sulfonated fiber is secured on the right side of the furnace and guided through the furnace. After passing through a metal roll, a weight is attached to the fiber to apply a defined tension during the carbonization process. The carbonization is carried out in an inert atmosphere maintained by flowing N2 gas. The carbonization trials are conducted both batchly and continuously (conti) using sulfonated fibers (Table 5). The batch carbonization trials for the samples from batch sulfonation are carbonized to a maximum temperature of 1000 °C, while a force of 0.07 N, equivalent to a fiber tension of 0.1 MPa, is applied to the fiber during the process. Various maximum temperatures and tensions are employed during the carbonization process to evaluate their impact on the resulting carbon fiber. All samples are subjected to a heating rate of 4 °C/min and maintained at the maximum carbonization temperature for 5 min. The carbonization samples are analyzed using gas pycnometry, FTIR, light microscopy, and electron microscopy.



Additionally, one sample is carbonized in the batch carbonization furnace after undergoing continuous carbonization in the continuous LT furnace. The parameters for this procedure are provided in Table 6.




2.3.2. Continuous Carbonization


The continuous carbonization trials for the fibers obtained from continuous stabilization are conducted in a DC-9 low-temperature (LT) carbonization furnace. This furnace is equipped with five separate temperature zones and has a heating length of 1 m. The fibers are guided and pulled through the furnace by two sets of godets and a winder. A schematic representation of the continuous carbonization furnace is shown in Figure 5.



To create an inert atmosphere, the heating tube of the LT-carbonization furnace is flooded with nitrogen. The gases released during the process are removed at both the entrance and exit of the furnace. The maximum temperature achieved in the LT furnace is 900 °C. In this study, a speed of 0.4 m/min is selected, and the pulling of the fiber is controlled by force to minimize potential damage to the fiber. The parameters for the continuous LT-furnace carbonization of the fibers obtained from the continuous dissolution of PA6 at 60 °C (zone A.2) and continuous sulfonation at 120 °C (zone 3) are listed in Table 7. The carbonization samples are subjected to analysis using gas pycnometry, FTIR, light microscopy, and electron microscopy.





2.4. Analytical Methods


2.4.1. Gas Pycnometry


Gas pycnometry relies on the principle of density determination through the displacement of gas volume. The specific gas pycnometer employed in this study is the AccuPyc II 1340 by Micromeritics GmbH, Aachen. During the sulfonation reaction of the PE-precursor, two hydrogen atoms (m = 2 u) are substituted with one sulfonic acid group (m = 81 u), increasing the weight of the fiber. This weight increase competes with a more subtle increase in the fiber diameter. As a result, the fiber’s density can serve as an indicator of the degree of sulfonation of the fiber [24].




2.4.2. Fourier-Transformed Infrared (FTIR) Spectroscopy


The Fourier-transformed infrared (FTIR) spectroscopy measurements were conducted using a Nicolet iS 10 from Thermo Scientific Inc., Waltham, MA, USA and an ATR-unit: PIKE MIRacle HATR, Resultec GmbH, Illerkirchen. FTIR spectroscopy allows qualitative statements concerning specific groups in a molecule. The expected relevant vibration bands are summarized in Table 8.




2.4.3. Thermogravimetric Analysis (TGA)


The TGA device used in this study is the STARe System TGA/DSC1 from Mettler Toledo GmbH, Gießen. The temperature range of TGA is usually between room temperature and 800 °C. The atmosphere is N2. The expected reactions in the thermogravimetric analysis of sulfonated PE-precursor fibers are outlined in Table 9.



The percentage of non-cross-linked PE that gets decomposed, at 400–600 °C should lower with a higher sulfonation degree. The sulfonic acid groups are hydrophilic and absorb water. These groups undergo decomposition between 120 °C and 400 °C, releasing SO2. Starting from 600 °C, dehydrogenation reactions occur, resulting in the release of H2 and the carbonization of the fibers [34].




2.4.4. Differential Scanning Calorimetry (DSC)


The dynamic scanning calorimetry (DSC) tests are conducted using a STARe System DSC1 from Mettler Toledo GmbH, Gießen, Germany. In this study, DSC is employed to detect the presence of a melting curve within the melting temperature range of PA6 (Tmelt ≈ 220 °C). This analysis helps assess whether the PA6 component is effectively dissolved from the INS-PA6/PE precursor fibers.




2.4.5. Light Microscopy


The used microscope is a Leica DM 4000 M from Leica Microsystems GmbH, Wetzlar, Germany. The microscope makes use of the LAS V4.12 software. To prepare the samples, the fibers are embedded in a resin and cross-sectional samples are cut out. The illumination allows for the observation of potential core-shell structures in the sulfonated fibers [39].




2.4.6. Electron Microscopy


The electron microscope makes use of scanning electron microscopy (SEM) technology. The model used is a Jeol JSM-6400 Scanning Electron Microscope from JEOL Ltd., Tokyo (Japan). SEM provides higher depth resolution compared to light microscopy, enabling clearer identification of pores or defects in the analyzed PE-based carbon fibers [40].






3. Results and Discussion


3.1. Development of a Concept for Ultra-Thin CF Production—Batch Analysis


3.1.1. Dissolution of PA6


In this section, the parameters for the dissolution of PA6 (sea component) from the HDPE-INS precursor are investigated. The parameters analyzed include sulfuric acid concentration, reaction temperature, and reaction time. The decision criterion is the temperature dependency of the phase change observed through DSC analysis. This criterion allows the investigation of whether PA6 is dissolved or still present on the fiber after treatment with H2SO4.



Both 15% and 96% sulfuric acid solutions are tested as dissolution media by immersing the HDPE-INS precursor for 3.5 h at 80 °C. The DSC analysis, shown in Figure 6, shows that the PA6-related peak (melting peak of PA6 at 220 °C) is non-existent for the sample treated in 96% concentrated sulfuric acid, thus determining it as the ideal dissolution medium for the PA6 component of the HDPE-INS precursor.



The next trials involve a temperature and reaction time screening with the HDPE-INS precursor. Initially, the dissolution of the PA6 component is tested at various temperatures: 40 °C, 60 °C, 80 °C, 100 °C and 120 °C. These tests are conducted in a batch reactor with an applied fiber tension of 0.4 MPa. Samples of the fiber are collected after 0.5 h, 1.5 h, 2.5 h and 3.5 h of treatment. Exemplary, Figure 7 presents the comparative DSC curves of the samples treated at 40 °C. The remaining DSC curves for the dissolution of PA6 at 60 °C (Figure A1), 80 °C (Figure A2), 100 °C (Figure A3) and 120 °C (Figure A4) can be found in the Appendix A.



The DSC analysis (Figure 7) reveals that the HDPE melting peak at 130 °C is present in the curves of all treated samples. When compared to the DSC curve of the HDPE-INS precursor, the DSC curves of the samples treated for 0.5 h and 1.5 h display a slight decrease in the temperature range of 200–220 °C. This decrease may be attributed to the incomplete dissolution of PA6 on the fiber. However, this behaviour is not observed in the remaining samples, indicating that PA6 is successfully dissolved after 2.5 h at 40 °C in 96% concentrated H2SO4.



Considering these results and the desire to select the most efficient combination of temperature and reaction time, considering energy consumption and time considerations, the combinations 40 °C/2–3 h and 60 °C/2–3 h are chosen as the ideal conditions for the dissolution of PA6 in the PE-INS precursors. Dissolutions at higher temperatures (80–120 °C) are faster, but they lead to sulfonation of the PE component, which is indicated by a dark coloration of the fiber samples. Therefore, these temperatures are not suitable for the remaining work as the desired effect at this stage is the isolated dissolution of PA6 rather than the sulfonation of the PE component. Previous experiments have shown that, when both processes are carried out simultaneously, the result is an inhomogeneous stabilization of the PE-filaments and subsequent fiber rupture, which therefore should be avoided.




3.1.2. Sulfonation


After the dissolution of PA6 from the PE-INS precursors, the PE component is exposed and ready for stabilization through sulfonation. The subsequent step involves investigating the batch sulfonation of the fibers obtained from the dissolution process. To this end, the PA6 component of the HDPE-INS precursor is dissolved under four different conditions: 40 °C/2 h, 40 °C/3 h, 60 °C/2 h and 60 °C/3 h. The exposed PE fibers are then subjected to sulfonation trials at 120 °C in 96% concentrated H2SO4, with a fiber tension of 0.4 MPa (equivalent to 0.44 N). The stabilization parameters and the TGA results for the batch sulfonation trials with the HDPE-INS precursor are listed in Table 10.



Starting with the 40/2 samples, a clear descending trend in the mass loss can be observed. The non-cross-linked HDPE related mass loss in the temperature range of 400–600 °C decreases from 70% after 2 h of sulfonation to 34% at 3 h, and finally reaches 20% after 4 h. The total mass loss follows a similar trend, starting at 85% (2 h), decreasing to 63% (3 h), and reaching 53% after 4 h of sulfonation. Conversely, fiber shrinkage shows an opposite trend, increasing from 18% at 2 h of sulfonation to 23% at 3 h, and finally reaching 30% after 4 h sulfonation. The 40/3 samples exhibit the same trend, with non-cross-linked PE mass loss (T = 400–600 °C) of 75%, 32% and 11% for 2 h, 3 h and 4 h of sulfonation, respectively. The total sample mass loss (T = 35–800 °C) is 88%, 62% and 52% for 2 h, 3 h and 4 h of sulfonation, respectively. Fiber shrinkage increases from 18% to 25% and finally to 28%, with increasing sulfonation reaction time.



The 60/2 samples show similar trends, with a non-cross-linked PE-related mass loss of 68% after 2 h, 32% after 3 h, and 13% after 4 h of sulfonation. The total sample mass loss is 88% at 2 h of sulfonation, decreasing to 63% and 51% after 3 h and 4 h of sulfonation, respectively. Fiber shrinkage exhibits the expected reverse trend, starting at 21% (2 h) and increasing to 37% (3 h) and 30% (4 h). Finally, the TGA results for the 60/3 samples show that the mass loss related to non-cross-linked PE (T = 400–600 °C) decreases from 79% (2 h) to 33% (3 h) and 11% (4 h) with increasing sulfonation reaction time. The total mass loss follows a similar trend, starting at 91% (2 h) and decreasing steadily to 63% (3 h) and 53% (4 h). Fiber shrinkage, encompassing both physical and chemical nature (c.f. Section 3.2.2) increases during the reaction, reaching 24% after 2 h and rising to 32% and 37% after 3 h and 4 h sulfonation, respectively.



Of particular interest for the evaluation of the degree of stabilization and cross-linking of the HDPE-INS fibers is the mass loss in the temperature range of 400–600 °C, as this is the range in which non-cross-linked HDPE decomposes and exits the fiber. Therefore, a lower mass loss percentage is more desirable. Consequently, the samples subjected to 4 h of sulfonation exhibit the lowest values. Among these equivalent samples, the combination with the dissolution at 40 °C and 60 °C for 3 h shows the lowest values (11%), followed closely by the 60/2 sample (13%). The 40/2 sample with 4 h of sulfonation has the highest value (20%). Thus, this treatment combination yields the least preferable results at this stage.




3.1.3. Carbonization


The next step is the investigation of the carbonization. The previously stabilized HDPE-INS precursors undergo batch carbonization to assess the overall feasibility of the CF production and investigate the properties and morphology of the resulting CF. The light microscopy images of the four produced CF samples, named 40/2, 40/3, 60/2 and 60/3, are shown in Figure 8.



Electron microscopy is used to analyze the fiber geometry, assess filament fusion and observe possible fiber surface defects. The electron microscopy images of the batch carbonization trials with the HDPE-INS precursor are presented in Figure 9. The 40/2 CF exhibits filaments with no observable defects or melting of single filaments. The 40/3 CF shows no observable defects but has most filaments fused together, with very few isolated CF filaments.



The 60/2 CF displays filaments without observable defects. However, the 60/3 CF has filaments with a considerably higher filament diameter compared to the other CF samples, which could be an indication of oversulfonation [41,42]. None of the CF from the batch carbonization can be successfully analyzed via single filament tensile tests due to their brittleness, making sample preparation for measurement impossible.



Based on the batch analysis, a dissolution reaction time of 2 h is selected as the preferred option. It combines top-notch results in the investigated trials, particularly in the case of the 60/2 samples with shorter reaction times. The 40/2 samples, on the other hand, offer the lowest energy input in the dissolution process while delivering comparable results. Therefore, the HDPE-INS precursor and these two dissolution temperature/reaction time combinations are selected for use in the subsequent trials using a continuous set-up.





3.2. Implementation and Validation of a Concept for Ultra-Thin CF Production—Continuous Analysis


The implementation and validation of the concept for the production of ultra-thin PE-based CF developed in Section 3.1 are carried out in this chapter. To prepare for continuous stabilization and carbonization trials, the HDPE-INS precursor and the selected dissolution parameters are first tested in batch stabilization trials.



3.2.1. Batch Sulfonation with Higher Fiber Tension


In the batch sulfonation trials with increased fiber tension, the dissolution of PA6 and the sulfonation steps are analyzed. The stabilization parameters, TGA and gas pycnometry results are listed in Table 11.



The HDPE-INS precursor has a density of 1.073 ± 0.001 g/cm3. The TGA measurements show a mass loss value of 84% for ΔmPE and 99% for Δmtotal. For the 40/2 samples, the density increases with increasing sulfonation time. The density values are 1.006 ± 0.001 g/cm3 (1 h), 1.044 ± 0.002 g/cm3 (2 h), 1.212 ± 0.002 g/cm3 (3 h) and 1.397 ± 0.002 g/cm3 (4 h). Initially, the density drops below the precursor density due to the dissolution of PA6, which has a higher density (1.12–1.15 g/cm3). After 3 h of sulfonation, the fiber density considerably increases due to cross-linking and integration of sulfuric acid groups. The cross-linking of the polymer chains contributes to the thermal stability of the PE. As the cross-linking increases, the mass loss during TGA decreases, specifically in the temperature range of 400–600 °C. The TGA results of the 40/2 samples reflect this trend, showing a decrease in ΔmPE and Δmtotal values with longer sulfonation time. The values decrease from 83%/98% (1 h) to 76%/92% (2 h), 38%/69% (3 h), and 17%/60% (4 h).



Similarly, the 60/2 samples exhibit an increasing trend in density with increasing sulfonation time. The density values are 1.020 ± 0.001 g/cm3 (1 h), 1.062 ± 0.002 g/cm3 (2 h), 1.235 ± 0.002 g/cm3 (3 h), and 1.416 ± 0.003 g/cm3 (4 h). The dissolution of PA6 at 60 °C appears to result in a higher degree of cross-linking during sulfonation, possibly due to faster dissolution of PA6 or enhanced swelling of the PE filaments due to uptake of sulfur-containing groups. The faster removal of PA6 allows for easier and faster dissolution of sulfuric acid into the PE filaments, leading to higher cross-linking and density values. The TGA analysis of the 60/2 samples shows increasing ΔmPE/Δmtotal values, which are lower than those of the 40/2 sample. The values for the 60/2 sample are: 78%/95% (1 h), 74%/91% (2 h), 42%/70% (3 h) and 19%/58% (4 h).



The TGA curves in Figure 10 are similar to each other. The 40/2 sample exhibits a slightly steeper weight loss in the 120–400 °C range. In the temperature range of 400–600 °C, the 40/2 sample has a lower mass loss value (17%) compared to the 60/2 sample (19%). The mass loss in the final temperature range of 600–800 °C is similar in both samples. The two samples shown in Figure 10 have higher values for ΔmPE and Δmtotal than the equivalent samples that are stabilized with lower fiber tension. This is caused by the higher applied fiber tension, which impedes the diffusion of the sulfuric acid into and through the PE filaments [34,38]. This leads to a lower degree of cross-linking levels for the same reaction time and is indicated by higher values for ΔmPE and Δmtotal. Nevertheless, the higher fiber tension is preferred, as it leads to enhanced parallel alignment of the polymer chains and consequently improved mechanical properties.



The batch sulfonation trial samples with HDPE-INS are analyzed via FTIR to investigate the evolution of functional groups in the fiber. The FTIR spectra of the HDPE-INS precursor fiber and of the 40/2 samples for different sulfonation times are shown in a stacked manner in Figure 11. The FTIR spectrum of the HDPE-INS precursor exhibits signals related to PE and PA6. The evolution of the structure of sulfonated PE throughout the sulfonation reaction [21] and the resulting FTIR signals [34] have been reported previously in detail in the literature. The PE-related signals appear in the regions of 3000–2840 cm−1 (C-H stretching), 1470–1460 cm−1(CH2 deformation), and 770–720 cm−1 (CH2 deformation). Additionally, PA6-related peaks are observed at 3300 cm−1 (N-H stretching), 1650 cm−1 (C=O stretching) and 1550 cm−1 (N-H stretching). In the spectrum of the 1 h sulfonation sample, the PA6-related peaks are reduced compared to the precursor, but they are still present. This is unexpected since the pretreatment dissolution step should have eliminated any PA6 peaks. However, there is an increase in the intensity of PE-related peaks (3000–2840 cm−1; 1470–1460 cm−1; and 770–720 cm−1) and the appearance of subtle peaks related to sulfones (1150–1050 cm−1: S=O symmetric and asymmetric stretching), indicating the occurrence of sulfonation reactions. In the 2 h sulfonation sample, the PA6-related peaks further diminish in intensity (3300 cm−1; 1650 cm−1; 1550 cm−1), with only very low intensity observed. The alkane-related peaks of PE at 3000–2840 cm−1 (C-H stretching) and 1470–1460 cm−1 (CH2 deformation) become more prominent in this sample. The sulfone-related peak intensities increase (1150–1050 cm−1: S=O symmetric and asymmetric stretching) compared to the 1 h sulfonation sample. In the FTIR spectrum of the 3 h sulfonation sample, the PA6 related peaks are no longer observable. The intensity of the alkane related peaks decreases (3000–2840 cm−1 and 1470–1460 cm−1) compared to the 2 h sulfonation sample, indicating increased cross-linking and sulfonation degree within the fiber. This is demonstrated by the increased intensity of sulfone peaks (1150–1050 cm−1), the appearance of peaks created by the C=C stretching of double bonds in the polymer chains (1620–1570 cm−1), and peaks related to C=O stretching of carboxylic groups (1710–1690 cm−1). The spectrum of the 4 h sulfonation sample shows no peaks related to PA6 and significantly reduced alkane-related peaks (3000–2840 cm−1 and 1470–1460 cm−1). The sulfone related peaks (1150–1050 cm−1), the double bond peaks (1620–1570 cm−1) and the carboxylic group related peak (1710–1690 cm−1) are clearly observable. These results indicate an advanced sulfonation and cross-linking degree within the fiber. Overall, the FTIR analysis confirms the progression of sulfonation and cross-linking reactions during the sulfonation process, leading to the formation of sulfone groups and increased cross-linking within the fiber samples.



The FTIR analysis is also carried out for the 60/2 samples of the batch sulfonation trials with the HDPE-INS precursor. The stacked FTIR spectra of the 60/2 samples and the HDPE-INS precursor are shown in Figure 12. The FTIR spectrum of the HDPE-INS precursor is consistent with what was expected and described in Figure 11. However, the presence of PA6 related peaks in the 1 h sulfonation sample (3300 cm−1; 1650 cm−1; 1550 cm−1) suggests that the pretreatment did not completely dissolve PA6. The alkane related peaks (3000–2840 cm−1; 1470–1460 cm−1; and 770–720 cm−1) exhibit increased intensity, and the spectrum presents the sulfone related peaks (1150–1050 cm−1) induced by the sulfonation process. In the 2 h sulfonation sample spectrum, there are no observable PA6 related peaks. The alkane- (3000–2840 cm−1; 1470–1460 cm−1; and 770–720 cm−1) and sulfone- (1150–1050 cm−1) related peaks show increased intensity compared to the 1 h sulfonation sample. Additionally, a peak corresponding to the C=O stretching of the carboxylic groups (1710–1690 cm−1) introduced into the polymer via sulfonation is present. In the 3 h sulfonation sample, the PA6 related peaks are absent. Furthermore, the intensity of the alkane-related peaks decreases (3000–2840 cm−1; 1470–1460 cm−1; and 770–720 cm−1), while a peak for C=C stretching of cross-linking induced carboxylic groups (1620–1570 cm−1) becomes observable. The peak for the carboxylic groups induced by sulfonation (1710–1690 cm−1) is also present. The FTIR spectrum of the 4 h sulfonation sample does not exhibit any peaks related to PA6, and the intensities of the alkane-related peaks are significantly reduced (3000–2840 cm−1; 1470–1460 cm−1; and 770–720 cm−1). However, the peaks for the carboxylic groups, double bonds and sulfones in the fiber polymers show a slight increase compared to the 3 h sulfonation sample. These trends indicate that the cross-linking and sulfonation degree of the fiber increase with longer sulfonation reaction time, as expected.



The samples from the batch sulfonation trials with the HDPE-INS precursor are investigated using light microscopy. The images can be found in the appendix (Figure A5 and Figure A6), while the measured filament diameters of the 40/2 and 60/2 samples are shown in Table 12.



The 40/2 samples all present round filaments with the following filament diameters: 3.09 ± 0.37 μm (1 h), 3.48 ± 0.47 μm (2 h), 3.60 ± 0.26 μm (3 h), and 3.97 ± 0.3 μm (4 h). The filament diameter increases with longer sulfonation time due to swelling and incorporation of sulfur-containing groups. In the light microscopy image of the 1 h sulfonation sample of the 60/2 samples, filaments with a diameter of 3.61 ± 0.29 μm are observed. The 2 h sample in the light microscopy image shows measured filament diameters of 4.10 ± 0.36 μm. These two samples again exhibit some blended contrast, possibly caused by the reaction of the remaining sulfuric acid with the resin used during sample preparation. The 3 h sulfonation sample does not show this effect; instead, isolated and clearly defined mostly round filaments with a filament diameter of 4.05 ± 0.50 μm are observed. Lastly, the image of the 4 h sample presents round filaments with a cross-section diameter of 4.05 ± 0.30 μm. The filament diameter increases to a lesser degree after 2 h of sulfonation, as cross-linking reactions happen parallel to the uptake of new sulfur-containing groups, thereby mitigating the swelling effect. The increase in filament diameter is caused by swelling and the incorporation of sulfur-containing groups. The 60/2 samples exhibit a larger filament diameter compared to the 40/2 samples, suggesting that the fibers incorporate a higher number of sulfur containing groups, which result in higher water uptake through the hygroscopic character of sulfur-containing groups. This could potentially result in a higher sulfonation degree, which could lead to a higher cross-linking degree of the fibers and ultimately result in CF with improved mechanical properties after carbonization.




3.2.2. Continuous Stabilization


The batch stabilization trials confirm the feasibility of conducting stabilization with higher fiber tension, which facilitates the implementation of continuous stabilization and subsequent continuous carbonization processes. The first step involves investigating continuous stabilization. The continuous dissolution of PA6 is conducted at 40 °C and 60 °C for 2 h, while sulfonation takes place at 120 °C. Fiber samples are collected after the dissolution treatment (40 °C: zone LA.2; 60 °C: zone A.2) and after zones 1, 2 and 3 of the sulfonation (40 °C: zones L1, L2 and L3; 60 °C: zones 1,2 and 3). The TGA and gas pycnometry results for the continuous stabilization trials using the HDPE-INS precursor are presented in Table 13.



The HDPE-INS precursor has a density of 1.073 ± 0.001 g/cm3. The TGA analysis provides values for ΔmPE and Δmtotal of 84% and 99%, respectively. The density of the samples obtained from the continuous dissolution of PA6 at 40 °C and the subsequent continuous sulfonation are as follows: 0.960 ± 0.001 g/cm3 (zone LA.2), 1.047 ± 0.001 g/cm3 (zone L1), 1.217 ± 0.001 g/cm3 (zone L2) and 1.494 ± 0.003 g/cm3 (zone L3). For the continuous stabilization trials with a dissolution temperature of 60 °C, the density values are as follows: 0.977 ± 0.001 g/cm3 (zone A.2), 1.046 ± 0.002 g/cm3 (zone 1), 1.225 ± 0.001 g/cm3 (zone 2) and 1.494 ± 0.003 g/cm3 (zone 3). In both cases, the density values exhibit a clear increasing trend, which is expected as heavier sulfur-containing groups replace lighter hydrogen atoms and cross-linking occurs within the fibers polymer. Comparing the equivalent density values for both cases, it can be observed that different dissolution temperatures result in similar fiber density values. This indicates that both approaches yield stabilized PE fibers with similarly high-density values after the third sulfonation zone.



The TGA results of the continuous stabilization trials with a dissolution temperature of 40 °C demonstrate the expected decreasing trend in the values of ΔmPE and Δmtotal for the four stabilization zone samples. The highest values are observed in the zone LA.2 sample (ΔmPE = 97%; Δmtotal = 100%) and decrease from zone A1 (ΔmPE = 91%; Δmtotal = 94%) to zone A2 (ΔmPE = 38%; Δmtotal = 71%), reaching the lowest values in zone A3 (ΔmPE = 12%; Δmtotal = 51%). Similarly, the TGA results for the batch stabilization trial samples with a dissolution temperature of 60 °C also exhibit the same decreasing trend in ΔmPE and Δmtotal values. The zone A.2 sample has the highest values (ΔmPE = 94%; Δmtotal = 99%), followed by zone 1 (ΔmPE = 72%; Δmtotal = 90%), zone 2 (ΔmPE = 34%; Δmtotal = 64%) and finally zone 3 (ΔmPE = 12%; Δmtotal = 53%). The most significant differences in the TGA values are observed in the samples from the first sulfonation zone. Zone L1 has a ΔmPE value of 91%, while zone 1 has a ΔmPE value of 72%. This difference can be explained by the incomplete dissolution of PA6 at a dissolution temperature of 40 °C. As a result, in the first sulfonation zone L1, the remaining PA6 needs to be fully dissolved first. The presence of the remaining PA6 prevents the direct occurrence of the sulfonation reaction, hindering the access of sulfuric acid to the PE filaments and resulting in a higher ΔmPE value.



The stacked FTIR spectra of the HDPE-INS precursor and the continuous stabilization trial samples with a dissolution temperature of 40 °C are depicted in Figure 13.



The four samples of the continuous stabilization trials do not exhibit any signals associated with PA6. In the FTIR curve of the zone LA.2 sample, only peaks related to PE are observed. These peaks correspond to the wave numbers 3000–2840 cm−1 (C-H stretching), 1470–1460 cm−1 (CH2 deformation) and 770–720 cm−1 (CH2 deformation). This indicates that the PA6 and its functional groups (amide and carboxylic groups) have dissolved to the extent that they are not detectable in the FTIR analysis. In the FTIR spectra of all three sulfonation samples, there are no peaks associated with PA6. The spectrum of zone L1 exhibits the alkane-related peaks with lower intensity (3000–2840 cm−1 and 1470–1460 cm−1) compared to the zone LA.2 spectrum. However, it shows peaks for sulfone structures (1150–1050 cm−1: S=O symmetric and asymmetric stretching) and carboxylic acid groups (1710–1690 cm−1: C=O stretching). In the FTIR spectrum of zone L2, the peak intensities for alkane structures are further decreased (3000–2840 cm−1 and 1470–1460 cm−1), while the peaks caused by sulfonation increase in intensity (1150–1050 cm−1: S=O symmetric and asymmetric stretching, 1710–1690 cm−1: C=O stretching). Finally, the FTIR spectrum for zone L3 shows almost no observable alkane-related peaks, while the intensities of the sulfone and carboxylic group peaks increase (1150–1050 cm−1: S=O symmetric and asymmetric stretching, 1710–1690 cm−1: C=O stretching). Additionally, a peak related to the C=C stretching of double bonds is identifiable at 1620–1570 cm−1, which is caused by cross-linking and desulfonation reactions.



Similarly, the samples of the continuous stabilization trials with a dissolution temperature of 60 °C are also analyzed using FTIR. The spectra of these samples are shown in a stacked manner in Figure 14.



In the FTIR spectrum of the zone A2 sample, no identifiable peaks related to PA6 are observed, similar to the remaining sulfonation zones samples. The spectrum of zone A2 only exhibits peaks associated with PE, with high intensity. The peaks are located at 3000–2840 cm−1 (C-H stretching), 1470–1460 cm−1 (CH2 deformation) and 770–720 cm−1 (CH2 deformation). The FTIR spectrum for zone 1 shows alkane-related peaks (3000–2840 cm−1; 1470–1460 cm−1; and 770–720 cm−1) with lower intensity. Additionally, peaks caused by sulfones are present (1150–1050 cm−1: S=O symmetric and asymmetric stretching). The intensity trend of the observed peaks is continuous in the spectrum of zone 2, with a further reduction in the intensity of alkane-related peaks (3000–2840 cm−1; 1470–1460 cm−1; and 770–720 cm−1), an increase in the intensity of the sulfone-related peaks (1150–1050 cm−1) and the appearance of a peak caused by C=O stretching of carboxylic groups (1710–1690 cm−1). In the spectrum of zone 3, the alkane-related peaks are only marginally present (3000–2840 cm−1; 1470–1460 cm−1; and 770–720 cm−1). The peaks associated with sulfones (1150–1050 cm−1) and carboxylic groups (1710–1690 cm−1) are still present. Additionally, the peak representing the C=C stretching of double bonds in the polymer chains (1620–1570 cm−1) is identifiable, indicating the advanced sulfonation and cross-linking degree of the fiber after zone 3 of sulfonation.



The DSC analysis of the 40/2 and 60/2 samples from the continuous stabilization trials does not exhibit any peaks related to PA6 (220 °C) in their DSC curves, unlike that of the HDPE-INS precursor. Additionally, the sharp PE precursor peak at 130 °C diminishes in size as the sulfonation process progresses and eventually disappears completely in the DSC curve of the samples of zone 3 and zone L3. In the DSC curves of zones 2 and 3 (L2 and L3, respectively), shallow endothermic depressions can be observed in the 60–130 °C and 160–225 °C temperature ranges. These depressions are probably caused by the hygroscopic behavior of sulfonic acid groups incorporated by sulfonation. The DSC measurements of sulfonated PE give only an indication of the dismantling of the crystalline structure and do not provide specific information regarding the cross-linking density and stabilization level, as is the case in stabilized PAN fibers. Comparing the DSC curves of both approaches (40 °C or 60 °C dissolution temperature), no significant identifiable differences are observed.



Light microscopy is employed to observe and investigate cross-sections of the filaments. The light microscopy images and the measured filament diameters of the continuous stabilization trials with the dissolution temperature of 40 °C are presented in Figure 15.



The light microscopy image of the continuous stabilization sample from zone LA.2 reveals round filaments with an average filament diameter of 3.71 ± 0.40 μm. In zone L1, the observed filaments are also round, with a slightly smaller average diameter of 3.29 ± 0.47 μm. Moving to zone L2, the filament diameter increases to an average of 3.87 ± 0.30 μm. Lastly, in zone L3, the round filaments exhibit an average diameter of 3.49 ± 0.40 μm. The filament diameter of the continuous stabilization trial samples with 40 °C dissolution temperature follows an interesting trend. From zone LA.2 to zone L1, the diameter shows a slight decrease, suggesting that some residuals from PA6 may still be present in zone LA.2 and that in that zone the swelling of the filaments is more pronounced, resulting in thicker filaments. The swelling is influenced by many factors, such as the applied tension on the fiber and the uptake of water from the washing bath. The latter could contribute to the thicker filaments from zone LA.2. The diameter then increases from zone L1 to zone L2, indicating swelling and incorporation of sulfur-containing groups. In zone L3, the filament diameter becomes slightly smaller compared to zone L2, which could be attributed to desulfonation reactions leading to cross-linking and resulting in thinner filaments. Overall, the filaments obtained from the continuous stabilization trials are thinner, compared to the filament diameters of the fibers from the batch sulfonation trials. This can be attributed to the increased tensile stress applied during the continuous stabilization process.



The light microscopy images and filament diameter values for the continuous stabilization trials with 60 °C dissolution temperature are presented in Figure 16.



The filament diameters of the samples from the continuous stabilization trials with a dissolution temperature of 60 °C follow a clear upward trend. The sample from zone A.2 exhibits the smallest filament diameter, measuring 3.04 ± 0.30 μm. The filament diameter increases for the sample from zone 1 (3.24 ± 0.58 μm). The light microscopy image of the sample from zone 2 reveals round filaments with an average filament diameter of 3.79 ± 0.32 μm. Lastly, zone 3 displays thicker round filaments with an average diameter of 3.89 ± 0.53 μm. The filament diameter increases throughout the stabilization processes as a result of swelling and the incorporation of sulfur-containing groups. Comparing the filaments from the continuous stabilization approach to those from batch stabilization, the former provides smaller diameters due to the higher tensile stress applied in the continuous process, which limits filament swelling, by making the incorporation of for example water from the washing bath more difficult. A comparison of the filament diameters for both approaches is presented in Table 14.



The filament diameter of the 60/2 approach exhibits a consistently increasing trend, which aligns with expectations, as swelling and the incorporation of sulfur-containing groups are induced by the sulfonation process. However, the samples from the 40/2 approach deviate from this trend. Specifically, the filament diameter of the fibers after the dissolution of PA6 (zone A.2) should be the lowest, resembling the diameter of PE filaments in the virgin HDPE-INS precursor (2.93 μm). However, this is not the case, as the filament diameter measures 3.71 ± 0.40 μm. This discrepancy suggests that the dissolution of PA6 may not be complete, and a layer of PA6 still coats the individual PE filaments, requiring further dissolution in the first sulfonation zone and delaying the initiation of the sulfonation reactions.



In general, the continuous stabilization process is successful. The fibers stabilized through continuous dissolution of PA6 and continuous sulfonation exhibit round filaments with a diameter of less than 4 μm and demonstrate a high degree of sulfonation and cross-linking. Fibers obtained from zones L3 and zone 3 exhibit thermal stability, making them suitable for carbonization trials to produce CF without significant structural defects or hollow structures.




3.2.3. Carbonization


After the successful continuous stabilization of the HDPE-INS precursor, the stabilized fibers undergo carbonization trials to validate the developed concept for ultra-thin CF production. Initially, batch carbonization trials are conducted using both stabilized fibers. The results, including fiber shrinkage, CF filament diameters, and measured fiber density, are summarized in Table 15.



The stabilized fiber from zone L3 undergoes carbonization up to 900 °C with a force of 0.5 N applied to the fiber. During the carbonization process, the 40/2-zL3-900 °C fiber experiences a 13% shrinkage in length, attributed to desulfonation reactions, cross-linking reactions, and thermal shrinkage. The resulting CF has a fiber density of 1.532 ± 0.002 g/cm3 and filaments diameter of 2.45 ± 0.43 μm. When carbonized up to 1100 °C, the 40/2-zL3-1100 °C fiber exhibits an increased fiber shrinkage of 14%. The fiber density increases to 1.634 ± 0.009 g/cm3, while the filament diameter remains similar at 2.51 ± 0.25 μm. These changes align with expectations as higher carbonization temperatures enhance cross-linking and remove non-carbon atoms, leading to increased fiber density, while the applied force on the fiber contributes to further density increases. The release of the sulfur-containing groups happens in the temperature range of 120–400 °C and results in a decrease in fiber density. Nevertheless, the density decrease in this temperature range is compensated by the cross-linking reactions combined with the release of hydrogen atoms from 600 °C onwards. The differences in fiber density of samples carbonized at 900 or 1100 °C are therefore mostly caused by hydrogen release and cross-linking reactions, which indeed increase the fiber density. An extensive description and analysis of the reactions happening in the different temperature ranges throughout the carbonization process were described by Barton et al. [21,34]. Notably, CF with filament diameters below 3 μm is successfully synthesized in both cases. Similarly, the fiber from zone 3 of the continuous stabilization with a dissolution temperature of 60 °C undergoes batch stabilization up to 900 °C (60/2-z3-900 °C) and 1100 °C (60/2-z3-1100 °C). Carbonization up to 900 °C results in a 14% fiber shrinkage. The CF exhibits a density of 1.464 ± 0.004 g/cm3 and a filament diameter of 2.46 ± 0.31 μm. With carbonization up to 1100 °C, the fiber experiences an increased shrinkage of 15%, resulting in CF with a filament diameter of 2.72 ± 0.28 μm and a density of 1.844 ± 0.005 g/cm3. Consistent with the previous case, the higher carbonization temperature leads to increased fiber density due to the removal of non-carbon atoms. Notably, the filament diameters of all samples fall within the desired range of 3 μm. Among the samples, the 60/2-z3-1100 °C CF exhibits the highest fiber density. Both approaches highlight that carbonization up to 900 °C is insufficient to achieve CF densities within the range of 1.8 g/cm3.



Figure 17 displays electron microscopy images of the CF produced in the batch carbonization trials.



The electron microscopy image of the 40/2-zL3-900 °C CF reveals the presence of small pores on the CF surface, indicating surface defects. These defects become more pronounced in the sample carbonized up to 1100 °C (40/2-zL3-1100 °C), where the filaments exhibit a rough surface with a higher number of pores. These incorporated pores, created during carbonization, have a lower density compared to CF and therefore result in a density decrease. This could potentially impact the mechanical properties of the CF. In contrast, the electron microscopy image of the 60/2-z3-900 °C CF, carbonized up to 900 °C, shows a smooth surface with no identifiable surface defects. Similarly, the filaments of the CF carbonized up to 1100 °C (60/2-z3-1100 °C) also display a smooth surface with no discernible surface defects or pores. These observations explain the higher fiber density values obtained for the 60/2-z3-1100 °C CF from zone 3, compared to the equivalent CF from zone L3. These images validate that the approach with continuous dissolution of PA6 at 60 °C followed by continuous sulfonation results in CF with improved properties compared to the 40 °C dissolution temperature approach.



Due to the thin and brittle nature of the CF filaments, it is not feasible to investigate their mechanical properties through a single filament tensile strength test, as the isolation of single filaments is not possible. Instead, mechanical roving tests could be considered as an alternative method. However, for such tests, the CF would require surface activation and the application of a sizing resin.



In the continuous carbonization trial, the stabilized fiber from continuous stabilization with a dissolution temperature of 60 °C and from zone 3 of the continuous sulfonation undergoes a continuous carbonization trial. Therein, the stabilized fiber undergoes continuous carbonization up to 900 °C in the LT furnace, followed by batch carbonization up to 1100 °C. Samples are taken after both carbonization steps. The carbonization parameters and the gas pycnometry results of the CF are presented in Table 16.



The carbonization process in the LT furnace up to 900 °C (60/2-z3-conti900 °C) results in a fiber shrinkage of 12%. The resulting CF exhibits a fiber density of 1.622 ± 0.003 g/cm3, confirming the findings from the batch carbonization trials. However, carbonization up to 900 °C is insufficient to achieve the desired CF density. Subsequent batch carbonization up to 1100 °C (60/2-z3-conti900–1100 °C) only induces a further 1% fiber shrinkage but increases the density to 1.733 ± 0.017 g/cm3. This increase in density is attributed to enhanced cross-linking of the polymer and the removal of non-carbon atoms from the fiber. Notably, the fiber density achieved through carbonization in the LT furnace is considerably higher than that obtained through batch carbonization up to 900 °C (1.464 ± 0.004 g/cm3). However, the resulting density of 1.622 ± 0.003 g/cm3 remains lower than the typical CF density of approximately 1.8 g/cm3. It is plausible that a similar higher density could be attained through carbonization up to 1100 °C if the process is conducted in a continuous high-temperature furnace (HT-furnace).



The CF filament diameter is determined via light microscopy imaging. The light microscopy image of the CF produced in the LT furnace and carbonized up to 900 °C reveals individual round filaments with a diameter of 3.67 ± 0.30 μm. Subsequent batch carbonization up to 1100 °C causes a reduction in filament diameter, with the round filaments reaching a diameter of 2.54 ± 0.28 μm. This reduction in filament diameter can be attributed to the applied tension during the process and the removal of additional non-carbon atoms from the fiber.



The samples are further analyzed via electron microscopy to assess the structural integrity of the samples in the form of surface structuration or pores in the filament side walls. The electron microscopy images of both CF samples from the continuous carbonization trials are depicted in Figure 18.



The electron microscopy images of the CF produced in the LT furnace exhibit a smooth surface with no discernible structural defects. This observation holds for the CF samples that underwent additional carbonization up to 1100 °C in the batch carbonization furnace. The mechanical properties of the produced CFs cannot be investigated via a single filament tensile strength test, as the isolation of singe filaments from the CF is not possible. The filaments are too thin and brittle. Alternatively, the CF could be investigated with mechanical roving tests. Therefore, the CF would need to undergo surface activation, followed by the application of a sizing resin.



In summary, the continuous carbonization has been successful in producing ultra-thin PE-based carbon fibers with filament diameters below 3 μm and no significant observable defects, even at temperatures up to 1100 °C. Furthermore, CF with a density of 1.622 ± 0.003 g/cm3 has been achieved through continuous carbonization in the LT furnace up to 900 °C. By subjecting the fibers to batch carbonization up to 1100 °C, the density is increased to 1.733 ± 0.017 g/cm. Additionally, even higher CF densities could be attained through continuous carbonization in a HT-furnace up to 1100 °C or 1350 °C.



In conclusion, the feasibility of producing ultra-thin PE-based CF has been demonstrated in both batch and continuous set-ups, resulting in CF with a filament diameter of less than 3 μm. The use of the HDPE-INS precursor approach has successfully reduced the required sulfonation reaction time from 4 h to 3 h. However, the complete stabilization process does take longer due to the 2 h PA6-dissolution step. The PE-INS precursor provides ultra-thin PE precursor filaments after the dissolution of the PA6 matrix, which can be effectively stabilized through sulfonation and transformed into CF via carbonization. As a result, the two main objectives of this study have been successfully achieved.



This work serves as a crucial foundation for the innovative approach of producing ultra-thin PE-based CF. However, there are still some unanswered questions and opportunities for improvement. Firstly, the optimization of the PA6 matrix dissolution is necessary, which could involve exploring different parameter conditions, particularly lower fiber tension during this step. Reducing tension would enhance the diffusion of sulfuric acid through the INS precursor, potentially shortening the required reaction time for a complete dissolution of the PA6 component. Alternatively, using a different sea component material that allows for the physical separation of the two components could be considered. Regarding the continuous carbonization of the stabilized fibers, further investigation into higher maximum temperatures is needed to improve the mechanical properties of the resulting CF. Additionally, the use of combinatory analytical methods, such as MS-TGA, which combines TGA with Mass Spectrometry (MS), could be used in future studies, to gain further insight into the structure evolution by directly identifying which molecules are separated during carbonization. This leads to most significant area requiring improvement, namely the development of a new sample preparation method for single filament tensile strength tests. Alternatively, the CF could be analyzed using mechanical roving tests. Addressing these open questions and improvement opportunities would enhance the understanding and performance of the ultra-thin PE-based CF production process.






4. Conclusions


The reported findings show that the production of ultra-thin PE-based CF is achievable in both batch and continuous processes out of an “islands-in-the-sea” precursor, with a polyamide 6 “sea”-matrix and high-density polyethylene “islands” (INS-PA6-HDPE precursor). Even if the mechanical properties of the ultra-thin PE-based CF are relatively low, they can still find valuable applications due to their unique characteristics. The thin filament diameter and high surface-to-volume ratio make them suitable for various applications. For example, they can be utilized in carbon filters for water filtration or embedded in phenolic resins to enhance heat-dissipating composites. In the field of tissue regeneration, ultra-thin CF in the form of CF-webs is being tested as a scaffold for bone-tissue regeneration [43]. Furthermore, there is potential for further exploration of the spinning process to produce non-round filaments with intrinsic filament structures, such as star-shaped, triangular, or hollow filaments. These novel filament structures would facilitate the production of ultra-thin PE-based CF with even higher surface-to volume ratios and customizable morphology [44]. Continued development of the method for producing ultra-thin PE-based CF holds the promise of significantly reducing the cost of CF, thereby expanding its use in a broader range of applications.
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Figure A1. DSC curves of the HDPE-INS precursors treated in 96% concentrated H2SO4 at 60 °C for 0.5 h, 1.5 h, 2.5 h and 3.5 h. 
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Figure A2. DSC curves of the HDPE-INS precursors treated in 96% concentrated H2SO4 at 80 °C for 0.5 h, 1.5 h, 2.5 h and 3.5 h. 
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Figure A3. DSC curves of the HDPE-INS precursors treated in 96% concentrated H2SO4 at 100 °C for 0.5 h, 1.5 h, 2.5 h and 3.5 h. 
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Figure A4. DSC curves of the HDPE-INS precursors treated in 96% concentrated H2SO4 at 120 °C for 0.5 h, 1.5 h, 2.5 h and 3.5 h. 
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Figure A5. Light microscopy images of the HDPE-INS precursor after dissolution of PA6 at 40 °C/2 h and sulfonation up to 4 h at 120 °C with increased fiber tension. 
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Figure A6. Light microscopy images of the HDPE-INS precursor after dissolution of PA6 at 60 °C/2 h and sulfonation up to 4 h at 120 °C with increased fiber tension. 
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Figure 1. Process of the production of conventional PE-based CF (top) and ultra-thin PE-based CF (bottom) from an INS precursor. 
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Figure 2. Picture of the double-walled glass reactor (left) and schematic construction of the reactor (right). 
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Figure 3. Schematic depiction of the continuous sulfonation set-up. 
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Figure 4. Picture and schematic representation of the construction of the batch carbonization furnace. 
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Figure 5. Picture and schematic representation of the construction of the batch carbonization furnace. 
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Figure 6. DSC curves of the HDPE-INS precursor treated in 15% and 96% concentrated H2SO4 at 80 °C for 3.5 h. 
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Figure 7. DSC curves of the HDPE-INS precursors treated in 96% concentrated H2SO4 at 40 °C for 0.5 h, 1.5 h, 2.5 h and 3.5 h. 
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Figure 8. Light microscopy images of CF produced from the HDPE-INS precursor, with different PA6-dissolution conditions. 
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Figure 9. Electron microscopy images of CF produced from the HDPE-INS precursor, with different PA6-dissolution conditions. 
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Figure 10. TGA curves for batch stabilization of HDPE-INS precursor with increased fiber tension. 
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Figure 11. FTIR analysis of the HDPE-INS precursor and 40/2 samples of the batch sulfonation trials with increased fiber tension. 
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Figure 12. FTIR analysis of the HDPE-INS precursor and 60/2 samples of the batch sulfonation trials with increased fiber tension. 
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Figure 13. FTIR analysis of continuous stabilization of the HDPE-INS precursor with dissolution of PA6 at 40 °C. 
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Figure 14. FTIR analysis of continuous stabilization of the HDPE-INS precursor with dissolution of PA6 at 60 °C. 
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Figure 15. Light microscopy images of fibers from continuous stabilization of HDPE-INS precursor with dissolution of PA6 at 40 °C. 
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Figure 16. Light microscopy images of fibers from continuous stabilization of HDPE-INS precursor with dissolution of PA6 at 60 °C. 
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Figure 17. Electron microscopy images from the batch carbonization trials of continuously stabilized HDPE-INS precursor. 
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Figure 18. Electron microscopy images from the continuous carbonization trials of continuously stabilized HDPE-INS precursor. 
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Table 1. Reaction conditions for the batch dissolution trials of the PA6 component of the INS-precursor fibers.
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	Temperature

T [°C]
	H2SO4 Concentration

c [%]
	Time

t [h]
	Force

F [N]
	Tension

σ [MPa]





	80
	15
	3.5
	0.44
	0.4



	40, 60, 80, 100, 120
	96
	0.5, 1.5, 2.5, 3.5
	0.44
	0.4



	40, 60
	96
	2, 3
	1.5
	1.3










 





Table 2. Reaction conditions for the batch sulfonation trials.
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	Dissolution of PA6

T/t/F [°C/h/N]
	Time

t [h]
	Force

F [N]
	Tension

σ [MPa]





	40/2/0.44, 40/3/0.44, 60/2/0.44, 60/3/0.44
	2, 3, 4
	0.44
	0.4



	40/2/1.5, 60/2/1.5
	1, 2, 3, 4
	1.5
	1.3










 





Table 3. Parameters during the stabilization of the HDPE-INS precursor, with the dissolution of PA6 at 40 °C (zones LA.1 and LA.2) and sulfonation at 120 °C (zones L1, L2, and L3).
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	Zone
	Temperature

T [°C]
	Godet Duo Speeds

v1/v2 [m/min]
	Force at Entry

Fstart [N]
	Force after Treatment FH2SO4 [N]
	Force after Washing

FH2O [N]





	LA.1
	40
	0.06/0.06
	5
	4.4
	7.0



	LA.2
	40
	0.06/0.06
	4.5
	6.1
	9.2



	L1
	120
	0.06/0.06
	3.5
	5.8
	9.0



	L2
	120
	0.06/0.06
	3.5
	7.2
	11.2



	L3
	120
	0.06/0.05
	2
	4.8
	8.5










 





Table 4. Parameters during the stabilization of the HDPE-INS precursor, with the dissolution of PA6 at 60 °C (zones A.1 and A.2) and sulfonation at 120 °C (zones 1, 2, and 3).
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	Zone
	Temperature

T [°C]
	Godet Duo Speeds

v1/v2 [m/min]
	Force at Entry

Fstart [N]
	Force after Treatment FH2SO4 [N]
	Force after Washing

FH2O [N]





	A.1
	60
	0.06/0.05
	5.5
	4.0
	6.9



	A.2
	60
	0.06/0.045
	4.5
	3.6
	5.6



	1
	120
	0.06/0.06
	5
	4.5
	7.5



	2
	120
	0.06/0.05
	5
	6.2
	9.8



	3
	120
	0.06/0.055
	2
	4.8
	7.8










 





Table 5. Conditions for the batch carbonization trials of fibers from continuous sulfonation.
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	Dissolution of PA6

T/t/F [°C/h/N]
	Continuous Sulfonation Zone [ ]
	Temperature

Tmx [°C]
	Force

F [N]
	Tension

σ [MPa]





	conti/40/2
	3
	900
	0.5
	0.4



	conti/40/2
	3
	1100
	1
	0.9



	conti/60/2
	3
	900
	0.5
	0.4



	conti/60/2
	3
	1100
	1
	0.9










 





Table 6. Conditions for the batch carbonization trial of sample from continuous carbonization in the LT-furnace.
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	Dissolution of PA6

T/t/F [°C/h/N]
	Continuous Sulfonation Zone [ ]
	Temperature

Tmx [°C]
	Force

F [N]
	Tension

σ [MPa]





	conti/60/2
	3
	1100
	1.5
	1.3










 





Table 7. Parameters for the continuous LT furnace carbonization of the fibers from continuous dissolution of PA6 at 60 °C (zone A.2) and continuous sulfonation at 120 °C (zone 3).






Table 7. Parameters for the continuous LT furnace carbonization of the fibers from continuous dissolution of PA6 at 60 °C (zone A.2) and continuous sulfonation at 120 °C (zone 3).





	
Parameter

	
Unit

	
Furnace Temperature Zones




	
1

	
2

	
3

	
4

	
5






	
Temperature T

	
[°C]

	
305

	
432

	
575

	
737

	
900




	
Heating rate ΔT

	
[K/min]

	
2




	
Entry godet speed v1

	
[m/min]

	
0.45




	
Exit godet speed v2

	
[m/min]

	
0.4




	
Shrinkage vv

	
[%]

	
12




	
Force F

	
[N]

	
1.5




	
Tension σ

	
[MPa]

	
1.3











 





Table 8. Expected absorption bands for sulfonated PE-fibers [34,35,36].
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	Absorption [cm−1]
	Intensity
	Vibration Type
	Molecule Type





	3300
	Medium
	N-H stretching
	Amide



	3000–2840
	Medium, doublet
	C-H stretching
	Alkane



	1710–1690
	Medium
	C=O stretching
	Carboxylic groups



	1650
	Medium
	C=O stretching
	Amide



	1620–1570
	Strong
	C=C stretching
	Alkene, aromatic compounds



	1550
	Medium
	N-H stretching
	Amide



	1470–1460
	Medium
	CH2 deformation
	Alkane



	1150–1050
	Very strong
	S=O symmetric and asymmetric stretching
	Sulfone



	770–720
	Strong
	CH2 deformation
	Alkane










 





Table 9. Expected reactions in the thermogravimetric analysis of sulfonated PE [34,37,38].
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	Temperature Range

T [°C]
	35–120
	120–400
	400–600
	>600





	Reaction
	Drying
	Cross-linking
	PE decomposition
	Dehydrogenation



	Released gas
	H2O
	SO2
	Hydrocarbons
	H2










 





Table 10. Stabilization parameters and TGA results for batch stabilization at 40 °C and 60 °C of the HDPE-INS precursor.






Table 10. Stabilization parameters and TGA results for batch stabilization at 40 °C and 60 °C of the HDPE-INS precursor.





	
Dissolution of PA6

T/t [°C/h]

	
Sulfonation

T/t [°C/h]

	
Force on Fiber

F [N]

	
Mass Loss PE

ΔmPE [%]

	
Total Mass Loss

Δmtotal [%]

	
Fiber Shrinkage

Δl [%]






	
40/2

	
120/2

	
0.44

	
70

	
85

	
18




	
120/3

	
0.44

	
34

	
63

	
23




	
120/4

	
0.44

	
20

	
53

	
30




	
40/3

	
120/2

	
0.44

	
75

	
88

	
14




	
120/3

	
0.44

	
32

	
62

	
25




	
120/4

	
0.44

	
11

	
52

	
28




	
60/2

	
120/2

	
0.44

	
68

	
88

	
21




	
120/3

	
0.44

	
32

	
63

	
27




	
120/4

	
0.44

	
13

	
51

	
30




	
60/3

	
120/2

	
0.44

	
79

	
91

	
24




	
120/3

	
0.44

	
33

	
63

	
32




	
120/4

	
0.44

	
11

	
53

	
37











 





Table 11. Stabilization parameters, TGA and gas pycnometry results for batch stabilization of HDPE-INS precursor with increased fiber tension.
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Dissolution of PA6

T/t [°C/h]

	
Sulfonation

T/t [°C/h]

	
Force on Fiber

F [N]

	
Density

ρ [g/cm3]

	
Linear Density

[dtex]

	
Mass Loss PE

ΔmPE [%]

	
Total Mass Loss

Δmtotal [%]






	
Precursor

	

	

	
1.073 ± 0.001

	
0.072

	
84

	
99




	
40/2

	
120/1

	
1.5

	
1.006 ± 0.001

	
0.075

	
83

	
98




	
120/2

	
1.5

	
1.044 ± 0.002

	
0.099

	
76

	
92




	
120/3

	
1.5

	
1.212 ± 0.002

	
0.123

	
38

	
69




	

	
120/4

	
1.5

	
1.397 ± 0.002

	
0.173

	
17

	
60




	
60/2

	
120/1

	
1.5

	
1.020 ± 0.001

	
0.104

	
78

	
95




	
120/2

	
1.5

	
1.062 ± 0.002

	
0.140

	
74

	
91




	
120/3

	
1.5

	
1.235 ± 0.002

	
0.163

	
42

	
70




	
120/4

	
1.5

	
1.416 ± 0.003

	
0.182

	
19

	
58











 





Table 12. Filament diameter of the batch sulfonation trials with increased fiber tension, determined via light microscopy imaging.
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Sample

	
Sulfonation Time t [h]

	
Fiber Diameter Ø [µm]






	
40/2

	
1

	
3.09 ± 0.37




	
2

	
3.48 ± 0.47




	
3

	
3.60 ± 0.28




	
4

	
3.97 ± 0.38




	
60/2

	
1

	
3.61 ± 0.29




	
2

	
4.10 ± 0.36




	
3

	
4.10 ± 0.50




	
4

	
4.05 ± 0.30











 





Table 13. TGA and gas pycnometry results for continuous stabilization trials of the HDPE-INS precursor.
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Sample

	
Sulfonation Zone

[ ]

	
Fiber Density

ρ [g/cm3]

	
Linear Density

[dtex]

	
Mass Loss PE

ΔmPE [%]

	
Total Mass Loss

Δmtotal [%]






	
Precursor

	
-

	
1.073 ± 0.001

	
0.072

	
84

	
99




	
40/2

	
LA.2

	
0.960 ± 0.001

	
0.104

	
97

	
100




	
L1

	
1.047 ± 0.001

	
0.089

	
91

	
94




	
L2

	
1.217 ± 0.001

	
0.143

	
38

	
71




	
L3

	
1.494 ± 0.003

	
0.143

	
12

	
51




	
60/2

	
A.2

	
0.977 ± 0.001

	
0.071

	
94

	
99




	
1

	
1.046 ± 0.002

	
0.086

	
72

	
90




	
2

	
1.225 ± 0.001

	
0.138

	
34

	
64




	
3

	
1.494 ± 0.003

	
0.178

	
14

	
53











 





Table 14. Evolution of the filament diameter, determined via light microscopy, in the continuous stabilization trials.
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Sample

	
Sulfonation Zone [ ]

	
Fiber Diameter Ø [µm]






	
40/2

	
LA.2

	
3.71 ± 0.40




	
L1

	
3.29 ± 0.47




	
L2

	
3.87 ± 0.30




	
L3

	
3.49 ± 0.40




	
60/2

	
A.2

	
3.04 ± 0.30




	
1

	
3.24 ± 0.58




	
2

	
3.79 ± 0.32




	
3

	
3.89 ± 0.53











 





Table 15. CF properties from the batch carbonization trials of continuously stabilized HDPE-INS precursor.
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	Fiber
	CF Filament Diameter

Ø [µm]
	Fiber Shrinkage

Δl [%]
	Density

ρ [g/cm3]





	40/2-zL3-900 °C
	2.45 ± 0.43
	13
	1.532 ± 0.002



	40/2-zL3-1100 °C
	2.51 ± 0.25
	14
	1.634 ± 0.009



	60/2-z3-900 °C
	2.46 ± 0.31
	14
	1.464 ± 0.004



	60/2-z3-1100 °C
	2.72 ± 0.28
	15
	1.844 ± 0.005










 





Table 16. CF properties from the continuous carbonization trials of continuously stabilized HDPE-INS precursor.
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	Fiber
	CF Filament Diameter

Ø [µm]
	Fiber Shrinkage

Δl [%]
	Density

ρ [g/cm3]





	60/2-z3-conti900 °C
	3.67 ± 0.30
	12
	1.622 ± 0.003



	60/2-z3-conti900–1100 °C
	2.54 ± 0.28
	1
	1.733 ± 0.017
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