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Abstract

:

In carbon fiber (CF) production, the stabilization process step is the most energy- and time-consuming step in comparison with carbonization and graphitization. To develop optimization routes for energy and productivity, the stabilization needs to be monitored continuously via inline analysis methods. To prognose the evolution of high-performance CF, the density of stabilized fibers has been identified as a robust pre-indicator. As the offline analysis of density is not feasible for inline analysis, a density-soft sensor based on the stabilization indices of Fourier Transform Infrared spectrum (FTIR)-analysis and Electron Paramagnetic Resonance (EPR) Spectroscopy could potentially be used for inline monitoring. In this study, a Polyacrylonitrile-based precursor fiber (PF) stabilized in a continuous thermomechanical stabilization line with varying stretching profiles was incrementally analyzed using density, FTIR-based relative cyclization index (RCI), and EPR-based free radical concentration (FRC). Our findings show RCI and EPR dependencies for density, correlated for RCI with sensitivity by stretching to cubic model parameters, while FRC exhibits linear relationships. Therefore, this study identifies two possible soft sensors for inline density measurement, enabling autonomous energy optimization within industry 4.0-based process systems.
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1. Introduction


Carbon fiber’s excellent intrinsic properties, such as high strength, high modulus, thermal and electrical conductivity, excellent chemical resistivity, and low density, have expanded its appeal in a variety of fields, including lightweight engineering, turbine, energy storage battery, automotive, and health [1,2,3,4,5,6,7]. The basic process steps in the production of polyacrylonitrile (PAN)-based CF are polymerization, fiber wet spinning, and thermal conversion, consisting of the stabilization, carbonization, and optional graphitization steps. Stabilization is a crucial process step as it converts the thermodegradative polymeric PF to a thermostable stabilized fiber (SF), which is able to endure the subsequent high-temperature conversion process. This involves numerous simultaneous complex chemical reactions within the stabilization process and uses up to 56% of the energy needed to produce CF [4,8,9,10]. This process, which affects the chemical structure of PF, can take up to two hours depending on the quality and type of PF used, as well as the applied process variables (e.g., oven temperature or heating rate) [11]. Most of the research in this field is aimed at introducing indicators, which have the potential to show changes in the chemical structure of the fiber during thermal treatment [12,13,14,15,16]. If CF are to behave as expected, the online monitoring of the stabilization process is an essential phase in the manufacturing process. Using inline indexes along with the classical ones during the stabilization process can enable the production of a structure with fewer defects and voids, and subsequently high tensile strength, and to minimize energy consumption.



Fiber density is a common indicator in CF research [10,17,18] to ensure that, during stabilization, the fibers concurrently transition from a linear structure to a thermostable ladder structure in the presence of oxygen. Density has been employed as an indicator for the relationship with CF tensile characteristics and the extent of SF [19]. According to this, the best tensile properties are obtained in the density range of 1.34–1.39 g/cm3 and, in terms of energy usage, an SF with a lower density was favored [19]. There exists a considerable amount of literature on the impact of different processing parameters such as the residence time [20,21,22], temperature profile [17,22,23,24], and steam ratio of the pretreatment step [25] on SF density. Qin et al. [25] investigated the effect of stretching the PF on the preferred orientation and ladder molecules. The orientation of the final CF increased with the increasing stretching of the SF. It has also been attempted in recent years to offer a numerical relationship between fiber physical attributes and chemical structure based on density and FTIR spectra acquired from SF [12,15]. Although density is an applicable indicator to control the trend of physical and chemical change, it is a destructive and offline, time- and resource-consuming measurement method, which should be replaced with an inline indicator for fast and reliable process feedback.



The research on structure change and simultaneous complex chemical reactions such as oxidation, cross-linking, dehydrogenation, and cyclization, occurring within the stabilization typical temperature range of 180 to 300 °C, has a long tradition [10,13,23,26,27,28,29,30,31]. Among them, the degree of the cyclization reaction acquired from the FTIR spectrum device is an important criterion for analyzing the evolution of the chemical transformation of PAN fiber and the subsequent physical and mechanical properties. In 2012, Liu et al. [27] investigated the effect of pretreatment hot stretching at 180 °C by various ratios ranging from 0 to 16% on the conversion of PF to CF. They exhibited a perfect linear relationship between RCI and the orientation of PAN chains for stretching ratios under 6%. When the stretching ratio is less than 6%, an obvious reduction in the onset temperature and an increase in the activation energy of the cyclization reaction was reported. The chemical shrinkage as a subsequent effect of the transformation of linear chains to ladder polymer during stabilization was studied by many researchers [13,22]. It is confirmed that the nitrile cyclization reaction causes the chemical shrinkage that has an exponential relation with cyclization time. Despite the demonstration of the impact of shrinkage, particularly free shrinkage, on fiber morphology and attributes in the batch process [32,33], no research has been done on the effects of negative stretching or shrinkage on the structural changes of stabilized fibers and associated indices in the chemical shrinkage temperature range or higher.



To address this issue, we produced PAN-SF with three different stretching profiles. The first trial encountered a negative stretch ratio in heating zone (HZ) 1. The second one experienced constant fiber length, while the third trial began its stretching profile with a positive stretch ratio in the first oven. Additionally, in order to facilitate the monitoring of the change in the structure of PAN fibers during the stabilization process, a quantitative relationship of the density index as a function of inline indices such as RCI and FRC was extracted in this study. It should be mentioned that using the concentration of free radicals generated by thermal treatment as an inline indicator and its relationship with the density of the SF was a novel notion adopted in the present research. Although the radical concentration acquired from the EPR test has been widely reported in recent years to detect the influence of electron beam treatment (rather than thermal treatment) on PAN fibers for pre-oxidation processes [34,35,36,37,38,39]. FRC is studied here for the first time, for its possible implementation as an inline analyzing standard for thermal processes such as a continuous stabilization line. Therefore, in general, it can be mentioned that by using inline indicators and the resulting smart equipment in the future, process engineers will be enabled to monitor the performance of the CF manufacturing line in real time. They can speed up the adaptation of process parameters based on the instantaneous properties of the production materials and thereby prevent poor-quality products or enhance energy efficiency. Hence, inline monitoring shortens decision-making time and increases efficiency throughout the CF manufacturing supply chain.




2. Materials and Methods


2.1. Materials


A total of 23 wt.-% of PAN copolymer powder (Mw = 200,000 g/mol) in dimethyl formamide was used to prepare the spinning dope solution. PAN powder, produced by DOLAN GmbH in Germany, consisted of 99.5% of acrylonitrile and less than 0.5% methyl acrylate [40,41]. A fiber bundle containing 1000 single filaments was produced during a wet spinning pilot plant by Fourne Polymertechnik GmbH, Germany [42]. The physical properties of PAN-PF used in this research are presented in Table 1. Also, the light microscope image of the surface of the filaments in the fiber bundle and the box plot of the average diameter of the filament for trials 1, 2, and 3 are presented in Figure A1 as Supplemental Information.




2.2. Thermal Treatment—Stabilization


The stabilization procedure for PAN-PF was carried out using a continuous oxidation line that has four oxidizing furnaces, as shown in Figure 1. The temperature of the four stabilizing furnaces was set to 180–235–255–290 °C. It is noteworthy that for identification of the stretching impact on the ladder-like structure of the SF, stabilization processes were stopped and 27 samples were extracted at different measurement points during the continuous heat treatment process as shown in Figure 1. Figure 1’s numbers 1 through 27 represent various measurement points. Table A1 , Table A2 and Table A3 contain further information on the process parameters for each of the 27 measured points. The total heat treatment time was equal for the three trials (tstabilitation ~ 120 min). On average, the time interval between two measurement points was 4.5 min. Furthermore, four points (ε1 to ε4) were designed to apply the required stretching profile during the process. Two sets of rollers applied the appropriate stretch before each HZ, as shown in Figure 1. Table 2 displays the specifics of three designed stretching profiles at various stabilization phases. As seen, trials 1, 2, and 3 began with negative, zero, and positive stretch ratios in HZ 1, respectively. It should be noted that the total fiber stretching increases after passing the fibers through each stabilizing oven. A negative stretch exists when the front roller’s speed is slower than the rear roller’s speed.




2.3. Characterization


A density gradient column filled with a mixture of two liquids (Acetone, ρA = 0.79 g/cm³; Dibromomethane, ρd = 2.49 g/cm³) was applied for a uniform and reproducible density measurement of PF and SF based on DIN 65569. Fiber samples of about 10 mm in the form of a loop were floated within the gradient column and measured for at least three specimen samples. In this study, there are a total of 81 measured points for 3 different stretching trials (3 trials ∗ 27 measured points = 81 measured points). For all 81 points, the density was determined as an offline index over 3 repetitions.



For FTIR spectrum analysis, the Nicolet iS-50 instrument was used to detect the absorbance spectra of fiber samples at room temperature (BRUKER TENSOR-37, BRUKER OPTICS., Billerica, MA, USA). Each acquired spectrum resulted from an average of 64 scans with a resolution of 4 cm−1 in the wave range of 4000–650 cm−1. Moreover, at least five FTIR spectra were taken from different measured points for the same sample. That is, all 81 noticed points were measured using FTIR spectrum analysis with five repetitions. The function ‘‘msbackadj’’ in MATLAB software (MathWorks, version R2022a, Natick, MA, USA) was applied to adjust a multi-point baseline of raw signal with peaks. In addition, the “findpeaks” function was used to calculate the relative cyclization index (RCI) using Equation (1) [43,44]:


  RCI =   0.29 ×  Abs     (  1590  )     Abs     (  2242  )  + 0.29 ×  Abs     (  1590  )     



(1)




where Abs (1590) denotes the absorbance intensity of imine groups (1590 cm−1, C=N functional groups), and Abs (2242) represents the absorbance intensity of nitrile groups (2242 cm−1, C≡N groups). The constant value of 0.29 indicates the absorption ratio between nitrile and imine functional groups.



The EPR spectrometer EMXplus with software package Xenon (BRUKER, Billerica, USA) at the Leibniz Institute for Solid State and Materials Research Dresden was used for all EPR measurements. The X-band spectrometer with a field modulation of 100 kHz and an ER4119 HS cylindrical cavity (active length: 40 mm) was used. The calibration of spin concentration was verified using alanine sample (ER 213ASC, BRUKER, Billerica, USA). The determination of the absolute spin concentration (FRC) was undertaken using spin counting procedures in the Xenon software package (BRUKER, version 1.1b60, Billerica, USA). The PF and SF were filled in a glass tube (ID: 2.36 mm). The values of the FRC were normalized to the sample mass. The operating conditions of the EPR spectrometer were 0.2 mT microwave modulation and 2 mW microwave power. The sweep time, center field, and field sweep amounted to 60 s, 352.24 mT, and 15 mT, respectively. Each sample was measured in ten scans. The FRC was evaluated using EPR at 6 different points in each trial, with measured point numbers 7, 14, 15, 20, 21, and 27, respectively (18 measurements for 3 trials).





3. Results and Discussion


3.1. Effect of Stretching on Stabilized Fiber Density (Offline Indicator)


As linear chains of PAN-PF gradually evolve into ladder structures, macroscopic physical properties alter because of molecular changes. Among other physical properties, the density of PAN-SF is one of the most typical indicators for estimating the chemical structural alterations of PAN-PF through cyclization, dehydrogenation, and oxidation [15]. As a result, it can indicate process optimization pathways for the stabiliziation process. Figure 2 depicts the effect of three process variables on SF density: heat treatment time, temperature, and stretch ratio.



In contrast to the stretching profile, the density appears to increase with time and temperature profiles at first glance. The highest final density of 1.43 g/cm³ was attained in trial 1 (−1.92 to 0.58% stretch ratio), while trials 2 and 3 (0.07 to 2.38% stretch ratio and 2.01 to 5.11% stretch ratio) reached 1.35 and 1.37 g/cm³, respectively. Earlier investigations have shown that SF with densities between 1.34 and 1.39 g/cm³ are preferable for processing and frequently have outstanding and better tensile properties [19,45,46]. Hence, the produced SF perfectly meets the density requirements.



It is worth noting that, as shown in Figure 2, trial 1, with a stretching profile that starts with a negative value, results in the highest final density and also has the earliest change in density. This is in regard to chemical shrinkage in PAN fiber in the range of 175–250 °C, which is brought on by intramolecular and intermolecular reactions (cyclization and dehydrogenation) [47]. Within this temperature range, stretched fibers undergo intramolecular conversion, whereas negatively stretched fibers (trial 1) are hypothesized to initiate intermolecular reactions at sites of changing tacticity. The intermolecular cyclization network somehow holds the stabilized chains together, resulting in more voids in the SF [33] and possibly higher oxygen permeability, both of which are critical for the oxidation reaction and density rise [32]. Instead, the positive stretching ratio in trials 2 and 3 restrict the oxygen availability to the fibers, and therefore the oxidation reaction, as well as result in enhanced fiber orientation [27], and consequently higher crystallinity [31], and intramolecular conversion [33,47], which all leads to lower density.



Figure 3 displays the change in density as a function of treatment duration for trials 1-3, normalized to the density of the PF. In this study, the densities of PAN-PF in trials 1, 2, and 3 are 1.17 ± 0.01, 1.14 ± 0.02, and 1.17 ± 0.01 g/cm3, respectively. Therefore, the normalized density values (ND) are employed due to the discrepancies in PF densities. It should be noted that Figure 3 demonstrates the same variation pattern for the density index with time in the stabilization line throughout all three trials. Until the heat treatment implementation time exceeds 64 min, which corresponds to the first two HZs, the density does not change significantly. The results of HZ 3 and 4 are consistent with previous studies in that it is clear that chemical structural changes in the polymer backbone significantly improve the structure’s growing compactness as a function of processing parameters, resulting in denser SF [17,21,26]. All three trials show that the rate of density growth in HZ 4 deviates from linearity, which is consistent with observations of the non-linear rate of oxygen content growth at temperatures greater than 260 °C [26]. Both cyclic and oxidative dehydrogenation reduce the hydrogen element. In contrast, the oxygen element in the air atmosphere participated in the oxygen absorption reaction and increased the oxygen-containing groups [17,44]. In other words, the non-linear enhancement in density at 290 °C, as shown for all trials in Figure 3, results from heavy oxygen molecule absorption and light hydrogen molecule repulsion [17].



In order to analyze density variations versus residence time in HZ 4, the normalized density data were fitted with a non-linear exponential predictive model (Equation (2)) [13] in order to continuously monitor chemical shrinkage as a function of stabilization time (Figure 4). It was found, notably, that curves represented by an exponential growth to their maximum with constant parameters a, b, and tR could fit the change in density with consideration of dwell duration quite well:


  ND =  a     (  1 −  e  −  b     (  t −  t R   )     )   



(2)




where ND represents normalized density values, a (pre-exponential), b (exponential), and tR are constant parameters, and t is residence time at 290 °C. The fit results of Figure 4 are detailed in Table 3.



The parameter (a) in Table 3 reflects a proportionality constant between chemical shrinkage and nitrile group concentration, which can be influenced by the inter- and intramolecular cyclization ratio caused by different stretching profiles [13]. As a consequence, trial 1 with a negative start in the stretching profile results in a higher degree of intermolecular cyclization, which is reflected in the higher value of a. Moreover, the kinetic parameters of the chemical cyclization (inter- and intramolecular cyclization) can be computed using the values of b as a constant parameter. Namely, the activation energy Ea is specifically obtained from Equation (3) as follows:


   E a  = R  (  T ln  c b   )   



(3)




where R, T, and c are the gas constant (8.314 J K−1 mol−1), the absolute temperature, and the constant parameter, respectively. The absolute temperature for HZ 4 is 563 K. In an isothermal condition, such as HZ 4, the activation energy is inversely related to the constant b, as shown in Equation (3). As the stretch ratio rises from trials 1 to 3, the value of the constant b in Table 3 falls. To put it another way, a higher stretch ratio (trial 3) causes a higher activation energy and a slower reaction rate [32]. Therefore, increased activation energy, intra- and intermolecular cyclization ratios, and crystallinity [31] can all be affected by increased stretch. Higher crystallinity and intramolecular cyclization can limit oxygen penetration and hence the extent of the oxidation reaction, resulting in a lower density of the stabilized fiber.




3.2. FTIR Results and Corresponding Relative Cyclization Index (Inline Soft Sensor)


To accomplish the establishment of FTIR as non-destructive tool with inline capability, it is critical to understand the dependency of FTIR spectra with regard to structural transformations for the optimization of the stabilization. The variation trend of the chemical reactions during the thermal stabilization process can be revealed by examining the changes in the peaks in the FTIR spectrum. Figure 5a depicts an overall view of the thermal treatment-related variation of functional groups in the PAN fiber structure at different stabilization times for trial 1. Samples with stabilization times of 31.5 min, 62.5 min, 89 min, and 119.8 min are the last measured points from HZs 1, 2, 3, and 4, respectively. As shown in Figure 5a, as PAN fibers pass from HZ 1 to HZ 4, the intensity of the C≡N peak (wavenumber 2242 cm−1) decreases while the intensity of the C=N peak (wavenumber 1590 cm−1) increases, indicating the formation of a heterocyclic structure [21]. Cyclization, which occurs as a result of the conversion of CN to C=N, was calculated using Equation (1) and plotted against residence time in Figure 5b. Figure 5b shows that the change pattern of the relative cyclization index versus residence time has the same sigmoid form for all three different trials. These findings are consistent with [43]. The two plateaus in HZ 1 (<22 min) and HZ 4 (>106 min) show that the lowest stabilization temperature requires a long stabilization time to create structural changes in PAN fiber and that, at the highest stabilization temperature, the conversion process is completed. Furthermore, in HZ 2, it is obviously demonstrated that trial 1 with an overall stretch ratio of 0% has a lower RCI% than trials 2 and 3. This could be caused by an increased orientation due to a higher stretch ratio, which leads to more cyclization in the amorphous area [31].



For further investigation of the relationship between the chemical and physical changes in the PAN-SF structure and to find quantitative relationships between the inline and offline indicators, normalized density-RCI plots are presented in Figure 6. In Figure 6a, which plots the normalized density versus the cyclization index, it is revealed that within HZs 1 to 3, the SF significantly undergoes changes in chemical structure with increasing heat treatment time, while HZ 4 increases in density with increasing time [17]. To take it a step further, it can be said that the RCI indicator in the chemical shrinkage range is a potent index for observing how process variables affect microstructural alterations during stabilization trials utilizing various stretching profiles. At elevated temperatures (>255 °C), the normalized density is a more excellent tool for monitoring structural changes. It has been proved that the RCI data using a cubic model clearly represents the fiber density during thermal stabilization [12] and that both measurement techniques are excellent predictors of the stability level of the PAN precursor Figure 6b depicts several cubic polynomial fitting curves for normalized density as a function of RCI and the cubic polynomial reported by Wilde et al. [12]. As can be seen, the fitting curve reported by Wilde et al. shows a significant deviation from the original data of ND versus RCI, especially in HZs 2 and 3. Therefore, three cubic functions were fitted to get the exact constants of the polynomial functions corresponding to the stretching profiles described in this work. The fitting parameters of these statistical models are summarized in Table 4.



It is interesting to note that for trial 2 starting at 0% stretch, the parameter (B3), which affects the sharpness of the cubic function, has the highest value. This indicates that trial 2 has the highest growth rate. Compared with trial 1, trial 2 achieves reduced ND and RCI values within our experimental time and temperature window. As an intriguing finding, it demonstrates that stretching profiles that begin with a negative stretch ratio at the chemical shrinkage area, while not having a larger growth rate (B3), do result in a higher value of ND. The R-squared data presented in Table 4 show the high accuracy of the fitting function for experiments 1 to 3.



Since the patterns of density changes with RCI for all three stretching profiles are similar, an independent model of the stretch profile can be presented. Although using an overall cubic polynomial function diminishes the fit’s accuracy, it can be used to anticipate density change in a continuous PAN fiber stabilization procedure with a stretching range of about −2% to 6%. In Figure 7, the overall cubic polynomial model is verified against data points from all trials 1, 2, and 3 for the continuous stabilization process. With the exception of one measured point from trial 3, the fitted model with a 2.5% error bar in Figure 7 shows that all values are within the predictable range. Table 5 displays the cubic polynomial constants and goodness of fit. According to the R-squared value, the cubic model explains 94.5% of the variability observed in the normalized density as a response attribute.




3.3. EPR Results and Corresponding Free Radical Concentration Index (Inline Soft Sensor)


PAN fibers are thermally treated in air to generate free radicals during the stabilization process. These free radicals then start the cyclization reaction of the nitrile groups, forming the ladder from the linear construction [48]. In order to expose the structural changes and the degree of stabilized PAN fibers, it will be useful to investigate the relationship between the FRC and the output fiber density in each HZ of the stabilization line. So far, there has been no cost-effective FRC analysis method that might potentially be applied inline. Therefore, FRC was only measured for a limited number of measurement sites, with sample numbers 7, 14, 15, 20, 21, and 27 corresponding to, respectively, the last measured point of HZ 1, the last measured point of HZ 2, the first measured point of HZ 3, the last measured point of HZ 3, the first measured point of HZ 4, and the last measured point of HZ 4 (as shown in Figure 1). Figure 8 illustrates the normalized density as a function of FRC for trials 1 to 3, and their corresponding linear fitting models. Table 6 presents the linear fitting parameters for different ND-FRC curves. As shown, there is a linear relationship between FRC and density with R2 of 0.98 for all trials. This makes FRC an appropriate index with inline usability for tracking structural and physical changes. It should be noted that, in accordance with [35], the changes in FRC, as depicted in Figure 8 with dotted lines, start to rapidly grow at temperatures higher than 235 °C (HZ 3 and 4). This means that the dehydrogenation reaction intensifies as the fiber moves from the low temperature to the higher temperature, which can result in free radicals that are able to react with oxygen and raise the fiber’s density. The higher FRC and lower density in trial 3 indicate that the reaction rate with oxygen is slower, which could be due to an increase in crystallinity caused by a higher stretching ratio. The accessibility of polymer chains to oxygen is reduced as crystallinity increases.



Interestingly, trial 2 has the highest parameter (f), which influences the slope of the linear fitting function, as shown in Table 6. This suggests that the ND grows higher with increasing FRC in experiment 2 than in trials 1 and 3, which is consistent with the data in B3 of Table 4.





4. Conclusions


The effect of a wide range of stretch ratios (−1.92% to 5.11%) on density as an offline index was investigated in a continuous stabilization line with four HZs—180 °C, 235 °C, 255 °C, and 290 °C—respectively. It is visible that negative stretching results in higher densities, while higher stretching leads to lower densities, caused by the induced orientation that reduces polymer chain accessibility to oxygen, resulting in a reduced oxidation reaction. The relative cycle index derived by the FTIR instrument identifies the chemical transformation well in the temperature ranges of HZs 2 and 3, while the free radical concentration index would be a useful inline tool to predict the structural change to the KGB of HZs 3 and 4. A cubic polynomial model vividly depicts the link between density and the cyclization index. Furthermore, the use of powerful quantitative EPR spectroscopy aids us in developing a linear model to forecast density variations. Therefore, the findings in this study open up the way for inline monitoring for density soft sensors for continuous stabilization. This will enable future industry 4.0-based automated energy optimization, efficiency process routes, and quality assurance for CF production.
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Table A1. Experiment design and stabilization line parameters for trial 1 with a total stretch of 0.58%.






Table A1. Experiment design and stabilization line parameters for trial 1 with a total stretch of 0.58%.





	
Measured Point Number

	
Residence Time Per Zone (mins)

	
Total Residence Time (mins)

	
Stretching Ratio Per Zone (%)

	
Total Stretching Ratio (%)




	
HZ 1 (180 °C)

	
HZ 2 (235 °C)

	
HZ 3 (255 °C)

	
HZ 4 (290 °C)

	
HZ 1 (180 °C)

	
HZ 2 (235 °C)

	
HZ 3 (255 °C)

	
HZ 4 (290 °C)

	






	
1

	
4.5

	
-

	
-

	
-

	
4.5

	
−1.92

	
-

	
-

	
-

	
−1.92




	
2

	
9.0

	
-

	
-

	
-

	
9.0

	
−1.92

	
-

	
-

	
-

	
−1.92




	
3

	
13.5

	
-

	
-

	
-

	
13.5

	
−1.92

	
-

	
-

	
-

	
−1.92




	
4

	
18.0

	
-

	
-

	
-

	
18.0

	
−1.92

	
-

	
-

	
-

	
−1.92




	
5

	
22.5

	
-

	
-

	
-

	
22.5

	
−1.92

	
-

	
-

	
-

	
−1.92




	
6

	
27.0

	
-

	
-

	
-

	
27.0

	
−1.92

	
-

	
-

	
-

	
−1.92




	
7

	
31.5

	
-

	
-

	
-

	
31.5

	
−1.92

	
-

	
-

	
-

	
−1.92




	
8

	
31.5

	
4.4

	
-

	
-

	
36.0

	
−1.92

	
1.92

	
-

	
-

	
0.00




	
9

	
31.5

	
8.8

	
-

	
-

	
40.4

	
−1.92

	
1.92

	
-

	
-

	
0.00




	
10

	
31.5

	
13.3

	
-

	
-

	
44.8

	
−1.92

	
1.92

	
-

	
-

	
0.00




	
11

	
31.5

	
17.7

	
-

	
-

	
49.3

	
−1.92

	
1.92

	
-

	
-

	
0.00




	
12

	
31.5

	
22.1

	
-

	
-

	
53.7

	
−1.92

	
1.92

	
-

	
-

	
0.00




	
13

	
31.5

	
26.5

	
-

	
-

	
58.1

	
−1.92

	
1.92

	
-

	
-

	
0.00




	
14

	
31.5

	
31.0

	
-

	
-

	
62.5

	
−1.92

	
1.92

	
-

	
-

	
0.00




	
15

	
31.5

	
31.0

	
4.4

	
-

	
67.0

	
−1.92

	
1.92

	
0.29

	
-

	
0.29




	
16

	
31.5

	
31.0

	
8.8

	
-

	
71.4

	
−1.92

	
1.92

	
0.29

	
-

	
0.29




	
17

	
31.5

	
31.0

	
13.3

	
-

	
75.8

	
−1.92

	
1.92

	
0.29

	
-

	
0.29




	
18

	
31.5

	
31.0

	
17.7

	
-

	
80.2

	
−1.92

	
1.92

	
0.29

	
-

	
0.29




	
19

	
31.5

	
31.0

	
22.1

	
-

	
84.6

	
−1.92

	
1.92

	
0.29

	
-

	
0.29




	
20

	
31.5

	
31.0

	
26.5

	
-

	
89.0

	
−1.92

	
1.92

	
0.29

	
-

	
0.29




	
21

	
31.5

	
31.0

	
26.5

	
4.4

	
93.4

	
−1.92

	
1.92

	
0.29

	
0.29

	
0.58




	
22

	
31.5

	
31.0

	
26.5

	
8.8

	
97.8

	
−1.92

	
1.92

	
0.29

	
0.29

	
0.58




	
23

	
31.5

	
31.0

	
26.5

	
13.3

	
102.2

	
−1.92

	
1.92

	
0.29

	
0.29

	
0.58




	
24

	
31.5

	
31.0

	
26.5

	
17.7

	
106.6

	
−1.92

	
1.92

	
0.29

	
0.29

	
0.58




	
25

	
31.5

	
31.0

	
26.5

	
22.1

	
111.0

	
−1.92

	
1.92

	
0.29

	
0.29

	
0.58




	
26

	
31.5

	
31.0

	
26.5

	
26.5

	
115.4

	
−1.92

	
1.92

	
0.29

	
0.29

	
0.58




	
27

	
31.5

	
31.0

	
26.5

	
31.0

	
119.8

	
−1.92

	
1.92

	
029

	
0.29

	
0.58
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Table A2. Experiment design and stabilization line parameters for trial 2 with a total stretch of 2.38%.






Table A2. Experiment design and stabilization line parameters for trial 2 with a total stretch of 2.38%.





	
Measured Point Number

	
Residence Time Per Zone (mins)

	
Total Residence Time (mins)

	
Stretching Ratio Per Zone (%)

	
Total Stretching Ratio (%)




	
HZ 1 (180 °C)

	
HZ 2 (235 °C)

	
HZ 3 (255 °C)

	
HZ 4 (290 °C)

	
HZ 1 (180 °C)

	
HZ 2 (235 °C)

	
HZ 3 (255 °C)

	
HZ 4 (290 °C)






	
1

	
4.5

	
-

	
-

	
-

	
4.5

	
0.07

	
-

	
-

	
-

	
0.07




	
2

	
9.0

	
-

	
-

	
-

	
9.0

	
0.07

	
-

	
-

	
-

	
0.07




	
3

	
13.5

	
-

	
-

	
-

	
13.5

	
0.07

	
-

	
-

	
-

	
0.07




	
4

	
18.0

	
-

	
-

	
-

	
18.0

	
0.07

	
-

	
-

	
-

	
0.07




	
5

	
22.5

	
-

	
-

	
-

	
22.5

	
0.07

	
-

	
-

	
-

	
0.07




	
6

	
27.0

	
-

	
-

	
-

	
27.0

	
0.07

	
-

	
-

	
-

	
0.07




	
7

	
31.5

	
-

	
-

	
-

	
31.5

	
0.07

	
-

	
-

	
-

	
0.07




	
8

	
31.5

	
4.4

	
-

	
-

	
36.0

	
0.07

	
1.73

	
-

	
-

	
1.80




	
9

	
31.5

	
8.8

	
-

	
-

	
40.4

	
0.07

	
1.73

	
-

	
-

	
1.80




	
10

	
31.5

	
13.3

	
-

	
-

	
44.8

	
0.07

	
1.73

	
-

	
-

	
1.80




	
11

	
31.5

	
17.7

	
-

	
-

	
49.3

	
0.07

	
1.73

	
-

	
-

	
1.80




	
12

	
31.5

	
22.1

	
-

	
-

	
53.7

	
0.07

	
1.73

	
-

	
-

	
1.80




	
13

	
31.5

	
26.5

	
-

	
-

	
58.1

	
0.07

	
1.73

	
-

	
-

	
1.80




	
14

	
31.5

	
31.0

	
-

	
-

	
62.5

	
0.07

	
1.73

	
-

	
-

	
1.80




	
15

	
31.5

	
31.0

	
4.4

	
-

	
67.0

	
0.07

	
1.73

	
0.29

	
-

	
2.09




	
16

	
31.5

	
31.0

	
8.8

	
-

	
71.4

	
0.07

	
1.73

	
0.29

	
-

	
2.09




	
17

	
31.5

	
31.0

	
13.3

	
-

	
75.8

	
0.07

	
1.73

	
0.29

	
-

	
2.09




	
18

	
31.5

	
31.0

	
17.7

	
-

	
80.2

	
0.07

	
1.73

	
0.29

	
-

	
2.09




	
19

	
31.5

	
31.0

	
22.1

	
-

	
84.6

	
0.07

	
1.73

	
0.29

	
-

	
2.09




	
20

	
31.5

	
31.0

	
26.5

	
-

	
89.0

	
0.07

	
1.73

	
0.29

	
-

	
2.09




	
21

	
31.5

	
31.0

	
26.5

	
4.4

	
93.4

	
0.07

	
1.73

	
0.29

	
0.29

	
2.38




	
22

	
31.5

	
31.0

	
26.5

	
8.8

	
97.8

	
0.07

	
1.73

	
0.29

	
0.29

	
2.38




	
23

	
31.5

	
31.0

	
26.5

	
13.3

	
102.2

	
0.07

	
1.73

	
0.29

	
0.29

	
2.38




	
24

	
31.5

	
31.0

	
26.5

	
17.7

	
106.6

	
0.07

	
1.73

	
0.29

	
0.29

	
2.38




	
25

	
31.5

	
31.0

	
26.5

	
22.1

	
111.0

	
0.07

	
1.73

	
0.29

	
0.29

	
2.38




	
26

	
31.5

	
31.0

	
26.5

	
26.5

	
115.4

	
0.07

	
1.73

	
0.29

	
0.29

	
2.38




	
27

	
31.5

	
31.0

	
26.5

	
31.0

	
119.8

	
0.07

	
1.73

	
029

	
0.29

	
2.38
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Table A3. Experiment design and stabilization line parameters for trial 3 with a total stretch of 5.11%.
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Measured Point Number

	
Residence Time Per Zone (mins)

	
Total Residence Time (mins)

	
Stretching Ratio Per Zone (%)

	
Total Stretching Ratio (%)




	
HZ 1 (180 °C)

	
HZ 2 (235 °C)

	
HZ 3 (255 °C)

	
HZ 4 (290 °C)

	
HZ 1 (180 °C)

	
HZ 2 (235 °C)

	
HZ 3 (255 °C)

	
HZ 4 (290 °C)

	






	
1

	
-

	
-

	
-

	
-

	
0.0

	
-

	
-

	
-

	
-

	
0.00




	
1

	
4.5

	
-

	
-

	
-

	
4.5

	
2.01

	
-

	
-

	
-

	
2.01




	
2

	
9.0

	
-

	
-

	
-

	
9.0

	
2.01

	
-

	
-

	
-

	
2.01




	
3

	
13.5

	
-

	
-

	
-

	
13.5

	
2.01

	
-

	
-

	
-

	
2.01




	
4

	
18.0

	
-

	
-

	
-

	
18.0

	
2.01

	
-

	
-

	
-

	
2.01




	
5

	
22.5

	
-

	
-

	
-

	
22.5

	
2.01

	
-

	
-

	
-

	
2.01




	
6

	
27.0

	
-

	
-

	
-

	
27.0

	
2.01

	
-

	
-

	
-

	
2.01




	
7

	
31.5

	
-

	
-

	
-

	
31.5

	
2.01

	
-

	
-

	
-

	
2.01




	
8

	
31.5

	
4.4

	
-

	
-

	
36.0

	
2.01

	
2.52

	
-

	
-

	
4.53




	
9

	
31.5

	
8.8

	
-

	
-

	
40.4

	
2.01

	
2.52

	
-

	
-

	
4.53




	
10

	
31.5

	
13.3

	
-

	
-

	
44.8

	
2.01

	
2.52

	
-

	
-

	
4.53




	
11

	
31.5

	
17.7

	
-

	
-

	
49.3

	
2.01

	
2.52

	
-

	
-

	
4.53




	
12

	
31.5

	
22.1

	
-

	
-

	
53.7

	
2.01

	
2.52

	
-

	
-

	
4.53




	
13

	
31.5

	
26.5

	
-

	
-

	
58.1

	
2.01

	
2.52

	
-

	
-

	
4.53




	
14

	
31.5

	
31.0

	
-

	
-

	
62.5

	
2.01

	
2.52

	
-

	
-

	
4.53




	
15

	
31.5

	
31.0

	
4.4

	
-

	
67.0

	
2.01

	
2.52

	
0.29

	
-

	
4.82




	
16

	
31.5

	
31.0

	
8.8

	
-

	
71.4

	
2.01

	
2.52

	
0.29

	
-

	
4.82




	
17

	
31.5

	
31.0

	
13.3

	
-

	
75.8

	
2.01

	
2.52

	
0.29

	
-

	
4.82




	
18

	
31.5

	
31.0

	
17.7

	
-

	
80.2

	
2.01

	
2.52

	
0.29

	
-

	
4.82




	
19

	
31.5

	
31.0

	
22.1

	
-

	
84.6

	
2.01

	
2.52

	
0.29

	
-

	
4.82




	
20

	
31.5

	
31.0

	
26.5

	
-

	
89.0

	
2.01

	
2.52

	
0.29

	
-

	
4.82




	
21

	
31.5

	
31.0

	
26.5

	
4.4

	
93.4

	
2.01

	
2.52

	
0.29

	
0.29

	
5.11




	
22

	
31.5

	
31.0

	
26.5

	
8.8

	
97.8

	
2.01

	
2.52

	
0.29

	
0.29

	
5.11




	
23

	
31.5

	
31.0

	
26.5

	
13.3

	
102.2

	
2.01

	
2.52

	
0.29

	
0.29

	
5.11




	
24

	
31.5

	
31.0

	
26.5

	
17.7

	
106.6

	
2.01

	
2.52

	
0.29

	
0.29

	
5.11




	
25

	
31.5

	
31.0

	
26.5

	
22.1

	
111.0

	
2.01

	
2.52

	
0.29

	
0.29

	
5.11




	
26

	
31.5

	
31.0

	
26.5

	
26.5

	
115.4

	
2.01

	
2.52

	
0.29

	
0.29

	
5.11




	
27

	
31.5

	
31.0

	
26.5

	
31.0

	
119.8

	
2.01

	
2.52

	
029

	
0.29

	
5.11
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Figure A1. Light microscope image of the surface of the filaments in the fiber bundle: (a) trial 1, (b) trial 2, (c) trial 3, (d) the average filament diameter for trials 1, 2, and 3. 






Figure A1. Light microscope image of the surface of the filaments in the fiber bundle: (a) trial 1, (b) trial 2, (c) trial 3, (d) the average filament diameter for trials 1, 2, and 3.
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Figure 1. Schematics of the continuous thermal stabilization line used in this study: [(1)–(27)] represent various measurement points, [ε1 to ε4] applied stretch points. 
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Figure 2. Changes of bulk density as a function of treatment time, temperature, and the stretching ratio. 
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Figure 3. Normalized densities versus the total residence time of PAN fibers stabilized in air with different stretching profiles during a continuous stabilization line. 
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Figure 4. Fitted and normalized densities versus residence time for PAN-SF with various stretching ratios in HZ 4 from all three trials (absolute density normalized to the density of the least measured point in HZ 3). 
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Figure 5. (a) Different FTIR spectra of PAN-PF and -SF spectra with different heat treatment times of 31.5 min, 62.5 min, 89 min, and 119.8 min for trial 1; (b) Relative cyclization index (RCI) versus the total residence time of PAN-SF stabilized in air with different stretching profiles during a continuous stabilization line. 
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Figure 6. The normalized density versus RCI for trials 1, 2, and 3 with (a) the determined HZs and (b) the different fitted cubic polynomial functions, including the cubic function reported by Wilde et al. [12]. 
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Figure 7. Experimental data of the normalized density versus RCI, as well as the overall fitted cubic polynomial curve with a 2.5% error bar. 
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Figure 8. Fitted and experimental normalized densities against the free radical concentration (FRC) generated by thermal treatment in PAN fiber stabilization. 
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Table 1. Characteristics of polyacrylontrile precursor fibers.
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	Precursor Fiber

(PAN Fiber)
	Glass Transition

Temperature (°C)
	Diameter

(µm)
	Density

(g/cm3)





	Trial 1
	100.4
	14.06 ± 1.16
	1.17 ± 0.01



	Trial 2
	100.5
	17.55 ± 0.99
	1.14 ± 0.02



	Trial 3
	100.5
	15.93 ± 1.01
	1.17 ± 0.01
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Table 2. Applied stretching ratio for three different trials before each HZ.
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Stretching Ratio (%)

	




	

	
ε1

	
ε2

	
ε3

	
ε4

	
εtotal *






	
Trial 1

	
−1.92

	
1.92

	
0.29

	
0.29

	
0.58




	
Trial 2

	
0.07

	
1.73

	
0.29

	
0.29

	
2.38




	
Trial 3

	
2.01

	
2.52

	
0.29

	
0.29

	
5.11








* εtotal is the sum of all the stretching ratios applied to the fiber during the stabilization process.
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Table 3. Corresponding fitting parameters of non-linear fit model from HZ 4 for all three trials with the different stretching profiles.
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Model

	
Non-Linear Fit




	
Equation

	
y = a(1 − exp(−b(t − tonset)))




	
Experiments

	
Trial 1

	
Trial 2

	
Trial 3






	
a

	
1.16387 ± 0.00648

	
1.12834 ± 0.00643

	
1.12856 ± 0.00692




	
tR

	
−23.97247 ± 2.77552

	
−28.0991 ± 5.55655

	
−33.29719 ± 5.89252




	
b

	
0.07994 ± 0.00888

	
0.0808 ± 0.01496

	
0.06781 ± 0.01148




	
R-Squared (R2)

	
0.99652

	
0.99086

	
0.98934











[image: Table] 





Table 4. Fitting parameters of cubic polynomial functions of the normalized density-RCI plot for trials 1, 2, and 3.
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Model

	
Cubic Polynomial Function




	
Equation

	
ND = A + B1 RCI + B2 RCI2 + B3 RCI3




	
Experiments

	
Trial 1

	
Trial 2

	
Trial 3






	
Y-intercept (A)

	
1.007 ± 0.002

	
0.997 ± 0.001

	
1.000 ± 0.005




	
B1

	
3.464 × 10−4 ± 4.143 × 10−4

	
0.001 ± 1.726 × 10−4

	
−8.450 × 10−4 ± 5.253 × 10−4




	
B2

	
−9.445 × 10−6 ± 1.237 × 10−5

	
−2.870 × 10−5 ± 5.338 × 10−6

	
2.633 × 10−5 ± 1.374 × 10−5




	
B3

	
3.564 × 10−7 ± 9.556 × 10−8

	
4.705 × 10−7 ± 4.462 × 10−8

	
3.775 × 10−8 ± 9.760 × 10−8




	
R-squared (R2)

	
0.989

	
0.994

	
0.981
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Table 5. Overall fitting parameters for the three trials (trials 1, 2, and 3).
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	Model
	Cubic Polynomial Fnction





	Equation
	ND = A + B1 RCI + B2 RCI2 + B3 RCI3



	Y-intercept (A)
	1.006 ± 0.002



	B1
	−1.688 × 10−4 ± 3.759 × 10−4



	B2
	1.039 × 10−6 ± 1.114 × 10−5



	B3
	2.784 × 10−7 ± 8.609 × 10−8



	R-Squared (R2)
	0.946
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Table 6. Fitting parameters of the linear function of the normalized density-FRC plot for trials 1, 2, and 3.
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Model

	
Linear Function




	
Equation

	
ND = d + f FRC




	
Experiments

	
Trial 1

	
Trial 2

	
Trial 3






	
Y-intercept (d)

	
1.004 ± 0.003

	
1.003 ± 0.002

	
0.983 ± 0.006




	
Slope (f)

	
1.72 × 10−16 ± 1.12 × 10−17

	
1.94 × 10−16 ± 1.33 × 10−17

	
1.67 × 10−16 ± 1.14 × 10−17




	
R-Squared (R2)

	
0.983

	
0.981

	
0.981
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