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Abstract

:

Microwave-based dielectric heating is a suitable method for energy- and time-efficient processes. Considering the energy required in the production of carbon fibers, it is evident that microwave-based dielectric heating during the different phases of the production needs to be considered too. Nevertheless, the dielectric properties of the processed material needs to be known for the design of an appropriate microwave applicator. When looking at the first stage in the production, the stabilization stage of the PAN fiber, the important data about the dielectric properties is very limited in literature. For this reason, first in-situ temperature-dependent measurements of the dielectric properties during the stabilization stage are presented. The impact of raising temperatures and chemical reactions on the dielectric properties of the heated PAN fiber is discussed. Secondly, the steps taken to set up the reaction kinetics from the dielectric loss point of view are given. This enables determination of the reaction degree as a function of the measured dielectric loss for the first time. The established correlation opens the potential for the application to processes such as an in-situ quality determination. The strong temperature impact on the process is shown, and reaction kinetics are analyzed accordingly. In a final third step, a heat transfer model is presented. It utilizes the evaluated reaction kinetics data and microwave heating, creating a first modelling approach for monitoring and controlling the desired fiber temperature, leading towards an online process.
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1. Introduction


Carbon fibers are used in multiple lightweight applications due to their good physical properties [1]. Their tensile strength to density ratio is superior to other materials such as aluminum or steel. However, carbon fiber production needs significantly more energy than production of aluminum [2]. Until today, carbon fibers are typically produced in conventional convection ovens. Different precursor materials are used to produce carbon fibers with Polyacrylonitrile (PAN) being the most commonly used one. The carbon fiber manufacturing process steps are listed in Figure 1 on the left side. A spun PAN fiber gets stabilized in normal air and using a conventional oven at temperatures ranging from 200 °C up to 300 °C as a first step in the production process. The total process time can take up to several hours depending on the temperature steps applied, the diameter of the precursor and the chemical composition of the PAN fiber. Chemical transformations through oxidation, cyclization and dehydrogenation affect the fiber in the stabilization stage. The fiber color changes from white to light brown, to dark brown and ultimately to black. The former linear chemical structure of the fiber transforms into an inflammable cyclic ladder polymer (Figure 1 right side) [1,3]. All three reactions are exothermic, adding additional heat to the fiber, which has to be considered when optimizing the stabilization process.



In a second step, the fiber is heated above 1000 °C in an inert gas atmosphere, often made of nitrogen or argon. Specific time and temperature conditions are chosen depending on the desired final fiber grade. In this phase of production, the fiber is restructured internally. The ladder polymers are cross-linked, and nitrogen is removed from the aromatic rings. The carbon fiber acquires electrically conductive properties [1]. Sometimes an additional step, post-processing the fiber, is mentioned in the fiber production. The post-processing step prepares the fiber surface for interaction with a resin necessary to form carbon fiber composites. The surface is roughened up and/or is covered with a sizing agent to improve the adhesion of a resin to the fiber [1].



To shorten the process time and, even more importantly, to increase the process and energy efficiency, different approaches are currently investigated, including optimization of heat distribution and insulation of conventional ovens. Alternatively, as a radically different approach, the replacement of the conventional heating with plasma and microwave heating respectively in at least one of the process steps is explored as well. Considering dielectric heating using microwaves offers volumetric and selective heating. Additionally, it allows fast-response temperature control. The knowledge about the dielectric loss    ϵ r   ″      of the material is key for the design of an appropriate applicator.



Focusing only on the stabilization stage, the below patents and publications describe improvements for the stabilization process using microwaves and microwave plasma.



In 2004, Paulauskas and White [4] published the dielectric properties of PAN fibers, but no information about the final stabilization degree was provided. Moreover, a holding time was neither mentioned nor used, and the cooling down process was not measured. In [5], Chao et al. provide a dielectric characterization of the PAN fibers after each processing stage. The properties of the given samples are evaluated at room temperature only. As the measurements at different temperatures are important in order to understand the chemical influence on the dielectric properties during the chemical transformation, this means another gap of information. For example, the start of the reactions is influenced by using different copolymers in the PAN fiber [6].



The patent EP2475812B1 [7] by Toho Tenax Europe GmbH outlines a microwave applicator which uses a combination of a preheated process gas of 150 to 300 °C and microwave heating to stabilize the fiber. The microwave applicator uses areas of different electric field strengths, going from 3 to 150 kV/m. Different applicator examples are presented, ranging from a rectangular waveguide of 1 to 1.5 m length. In US7786253B2 [8], and US20150252501A1 [9] by UT-BATTELLE, LLC, Oak Ridge, an apparatus using non-thermal atmospheric pressure plasma to stabilize the fibers is used. They use reactive oxidative species, such as monoatomic oxygen, to increase the speed of oxidation. Patent US6375875 [10] describes a method for monitoring the dielectric properties of the fiber during all carbon fiber production steps. In 2004, Paulauskas et al. used atmospheric pressure plasma to stabilize PAN fibers [11]. Different process gases were applied. It was discovered that the plasma treatment leads to a more homogeneous oxidized cross section of the fiber while resulting in lower densities. The plasma stabilization reduced the processing time by a factor of three compared to conventional heating, with a line speed of 0.3 m/min and less than 35 min of total processing time.



In 2011 and 2013 Lee et. al. [12,13] showed the influence of plasma treatment in the stabilization process on the fiber. Due to the plasma treatment, atomic oxygen was concluded to be predominant in the process atmosphere. As atomic oxygen is smaller than diatomic oxygen, it diffuses faster into the fiber filaments and can thus shorten the oxidation process. Furthermore, plasma stabilization did result in higher tensile strength of the fibers, compared to the conventional process. The extent of reaction was defined according to the degree of cyclization. A 15 min plasma treated fiber showed the same degree of cyclization like the conventionally treated fiber after 120 min.



Dielectric heating was investigated in 2018 by Liu et al. [14] and Zhang et al. [15]. Both compared it to conventionally heated fibers. Liu et al. suggested the skin-core structure is less distinctive due to the volumetric heating effect of the microwaves [14]. Microwave heating shortened the process time by 35 min and reduced the process temperature by 30 °C. However, the fiber was tied to a ceramic rod, and no dielectric properties were provided. Moreover, neither the location nor the method for the fiber temperature measurement is mentioned. In [15] it is stated that microwave heating shortens reaction time and improves the fiber surface. Again, the fibers are attached to a ceramic rod, and no dielectric properties are provided. It can be assumed that the microwave was predominantly heating the ceramic rod at the beginning, and the fiber is heated via thermal conduction. Only later in the process, when dielectric loss of the fibers is increasing with temperature, to some extent a direct microwave heating effect might take place. But as no dielectric properties are provided, it is not possible to definitely draw this conclusion. In [16], Zhao et al. investigate the influence of microwave oxidation on the reaction mechanisms and the fiber structure. They describe an improvement of the structure caused by reduced surface defects.



Another option to improve the quality of the stabilized fibers is the application of appropriate theoretical models for the stabilization process. A first heat transfer model for the fiber temperature was created by Dunham and Edie [17] in 1991. An overview of published models, such as reaction kinetic and heat transfer models, can be found in [18]. Terra et al. [19] used intelligent algorithms for modelling the stabilization stage. The target was analyzing the influence of several process parameters on the quality of the fiber. The authors stated the volumetric density and a FTIR (Fourier-transform infrared, Thermo Scientific 4700 Nicolet, Thermo Fisher Scientific Inc.) conversion index may be suitable tools for control of the fiber quality during the stabilization stage.



In general, different tools are available for the evaluation of the final carbon fiber quality [6]. As the quality after stabilization has a strong influence on the final fiber quality, evaluation of the fiber quality is already of interest after the stabilization. Often a stabilization degree is defined and measured, for example with FTIR spectroscopy (Nicolet iS50, Nicolet Fisher, MA. USA) [16] or DSC (Differential scanning calorimetry, Mettler Toledo) measurements [19]. Yu et al. [20] provide a short overview of various methods and use of X-ray diffraction for characterizing the stabilization degree. So far, dielectric properties are not used as standard for determining the fiber quality. Even though some measurements of the dielectric properties of PAN fibers were already provided, thorough data is not available. Moreover, the chemical composition may affect the dielectric behavior.



For designing a suitable microwave applicator, it is key to understand the dielectric properties of the material depending on chemical composition, temperature and chemical reaction. For this reason, dielectric measurements are presented first, followed by an investigation of the reaction kinetics in the stabilization stage from a dielectric point of view. Knowledge about the reaction kinetics results for the first time in the possibility to determine the stabilization degree, and therefore to which amount the reaction took place, based on the dielectric loss. The link between dielectric loss and degree of stabilization can be used for online monitoring of the fiber quality. In a third step, the obtained link allowed to generate a mathematical model of the temperature behavior during the stabilization stage with microwave heating. To the knowledge of the authors, so far microwave heating has not been included in the modelling of the stabilization process, and no connection between reaction kinetics and dielectric properties was made. Adding the microwave heating in calculating the temperature development can help understanding and controlling the process. Furthermore, it and may help in design and development of appropriate microwave applicators and optimize process parameters that allow avoiding process instabilities due to thermal runaway effects.




2. Materials and Methods


2.1. Materials


The fibers used here are composed of more than 95% Polyacrylonitrile with a 5% mixture of Methyl acrylate (MA) and Itaconic acid (IA). The fiber bundle used consists of 12,000 filaments (12k).




2.2. Dielectric Measurements with the Perturbation Method


For dielectric measurements, often the classic perturbation method is used. Resonance frequency and quality factor of the empty system are measured, then the sample is inserted into the cavity. This leads to a perturbation of the electric field, resulting in a shift of resonance frequency and quality factor. Ideally, the sample is placed in the electric field maximum to get the strongest effect. The shift is measured using a network analyzer. The perturbation method applies the assumption that a small sample with medium or low losses is not significantly altering the electrical field and thus the mode. With good approximation the dielectric properties can then be calculated from the following equations [21]:


   ϵ r ′  =  1   A  c a l        f  ref   −  f s     f  s        V c     V s    + 1  



(1)






   ϵ r   ″    =  1   B  c a l      (   1   Q s    −  1   Q  ref      )     V c     V s     



(2)




where    ϵ r ′    is the relative dielectric constant,    ϵ r   ″      is the relative dielectric loss,    f  ref     and    f s    are the resonance frequencies of the unperturbed (empty) and perturbed (with sample) cavity, respectively.    Q  ref     and    Q s    are the corresponding quality factors.    V c    and    V s    are the volumes of the cavity and the sample. The calibration factors    A  c a l     and    B  c a l     depend on the sample and cavity geometries, the coupling, and on the final cavity wave pattern of the mode. An adapted version of the perturbation method was used in order to improve the accuracy, as in practice    A  c a l     and    B  c a l     are dependent on the permittivity [22]. A full wave simulation of the setup was performed using the software CST Microwave Studio (CST Studio Suite, Dassault Systèmes, Vélizy-Villacoublay, France) [23] within the range of the expected dielectric properties to calibrate factors    A  c a l     and    B  c a l    . The CST library materials were used except for the sample material. The Eigenmode Solver was used for obtaining the resonance frequency and quality factor of the system.



For evaluation of the dielectric properties and to set up the calibration with the model, the sample volume needs to be determined. The fiber consists of a large number of filaments, in the order of several thousands. With a filament diameter of about 10 µm each, a suitable approximation must be made to perform a 3D electromagnetic simulation. Here, it is proposed to replace the large number of individual filaments by a single cylinder with an effective fiber diameter as shown in Figure 2. The fiber diameter can be either calculated from the filament diameter or with the help of density and mass measurements of a fiber bundle with a given length.



A schematic drawing of the measurement setup used is shown in Figure 3. The measurement is performed in a cylindrical single mode TM010-mode cavity made from copper with a resonance frequency of about 2.45 GHz and a quality factor for the empty cavity of about 10,000. Cavity size, both in height and radius, was designed to be 45 mm. The ratio of radius to height is chosen to avoid the appearance of unwanted modes close to the resonant frequency [24]. The precise dimensions of the manufactured cavity were evaluated by measuring the frequency of the TM010 and TE111 modes. An N-Type port with a pin antenna is used for input, and a SMA (SubMiniature Version A) port, also equipped with a pin antenna, is used for output. Coupling of the electrical signal can be adjusted through the length of the pin antennas. This also influences the overall quality factor of the system. The final coupling was evaluated based on the measured S-Parameters and resulted in pin lengths inside the cavity of 3.1 mm for the N-Type port and 1.8 mm for the SMA port. The 12k PAN fiber is located inside a quartz tube and placed along the maximum electric field of the TM010-mode. To obtain a defined fiber tension, the fiber is fixed resulting in batch processing. The quartz tube position in the microwave cavity is fixed by using Teflon insulation ring. A Keysight P5001A (Keysight Technologies Deutschland GmbH, Böblingen, Germany) Vector Network Analyzer (VNA) measures the resonance frequency and quality factor of the system. The power level is kept at 0 dBm output power. For the temperature dependent measurements, a 1600 W heater, type MK-45R, from Zinser GmbH (Albershausen, Germany) is used. To control the hot air temperature the heater has been modified using a thyristor controller from A-senco type SCR-800 (Pohltechnic.com GbR, Aalen, Germany) together with an analog power control. A mass flow controller, type GSC-D4SA-BB12 (Vögtlin Instruments GmbH, Muttenz, Switzerland), was used to stabilize the input air flow rate to 100 ln/min. The air is heated up as it passes the heating cartridge and is channeled into the quartz tube where it heats the PAN fiber. A NI-9211 thermocouple (National Instruments, Austin, TX, USA) input module is installed to measure the temperature using type K thermocouples with an accuracy of ±2.2 °C and a measurement sensitivity of 0.07 °C [25]. Two thermocouples are placed at the entry and the exit point of the cavity inside the quartz tube to measure the air flow temperature. A third one is used to measure the quartz tube outer surface temperature, and a fourth one for the cavity temperature monitoring. Using a 180 W Peltier element the cavity temperature can be stabilized to a preset value of typically 20 °C with an oscillation of ±0.3 °C.




2.3. Dielectric Measurements Error Evaluation


The accuracy of the measured dielectric properties is influenced primarily by the following main parameters: temperatures of the cavity and the quartz tube; positioning of the quartz tube and the sample; and the sample volume used in the calibration. Other influencing factors include the accuracy of the VNA measurement and the accuracy of the applied simulation. Since the shift of the quality factor with the PAN fiber is rather small at room temperature, measurement precision strongly depends on the accuracy of the resonance frequency measured, and the quality factor of the empty cavity. Ensuring a reproducible reference can be significantly improved by stabilizing the cavity temperature. A temperature of 20 °C ± 0.3 °C limits the frequency shift due to thermal expansion of the cavity to below 11.6 kHz. A change in quartz temperature leads to a frequency shift as well, whereas the quality factor is not affected by a temperature change of the quartz tube in the given process parameter range. An increase of the temperature of the air inside the quartz tube up to 235 °C leads to a shift in the resonance frequency of about 275 kHz. Thus, to distinguish the effect of the PAN fibers from the effect of the quartz tube, the temperature-dependent frequency shift of the stabilized cavity with an empty quartz tube is measured separately for each set of process parameters and used as reference. The impact of the quartz tube position is minimized by using the junction of the quartz tube as a stopping mechanism when inserted into the cavity. The Teflon insulation ring ensures to keep the tube at fixed position in the field maximum and provides a thermal insulation. The overall error calculation is demonstrated by calculating the error of the dielectric loss    σ   ϵ r   ″       . Describing the shift of the quality factor    D Q    according to Equation (3) leads to the error of the dielectric loss    σ   ϵ r   ″        in Equation (4) [26]. Here,  σ  describes the error of the respective indices introduced in Equation (2). The simulation error    σ B    depends on mesh size and simulation accuracy. Those parameters were chosen to be fine enough to exclude any influence on the simulation result. The error from the sample volume    σ   V s      was determined by using a mean value of the effective fiber radius. This dimension got evaluated by multiple weight measurements, length, density of the bundle, and filament diameter measurements in a microscope. The mean value of the effective fiber bundle radius resulted to 0.54 mm ± 0.01 mm. The dielectric loss can be evaluated with a measurement error of around ±1%.


   D Q  =  1   Q s    −  1   Q  ref      



(3)






   σ   ϵ r   ″      =      (    ∂  ϵ r   ″      ∂  D Q     σ   D Q     )   2  +    (    ∂  ϵ r   ″      ∂  V s     σ   V s     )   2  +    (    ∂  ϵ r   ″      ∂  V C     σ   V C     )   2  +    (    ∂  ϵ r   ″      ∂ B    σ B   )   2     



(4)








2.4. Thermal Model


A thermal model is the first step towards online monitoring and controlling of a continuous process with microwave heating. It helps building an understanding of the influence of the process parameters and thus can help to predefine the range in which the input variables lead to the desired output temperature instead of a thermal runaway. The model calculates the temperature rise induced by the microwaves, the time inside the microwave system, the reaction heat from the exothermic reactions, and the heat transfer. The temperature at every z-position along the cavity length can be calculated and thus can be used to predict the behavior of the fiber during the reaction.



As the setup is symmetrical, a 2D model is sufficient to simulate the PAN fiber mounted in the quartz tube. The 2D model comprises multiple mesh cells in axial and radial direction. The number of mesh cells can be varied in both directions. This enables the user finding the optimum of computation time versus result accuracy. A mesh example is shown in Figure 4, where the fiber is modeled with four cells in radial direction, followed by two cells for the air flow and two cells for the given quartz tube. Each cell is connected to the adjacent cells in axial and radial direction through the thermal equations. The Finite Volume Method (FVM) is implemented using MATLAB (MATLAB Version 2019b, Mathworks®, Natick, MA, USA) [27] to solve the thermal equations for each cell.



The calculation of the temperature change for each element is given by the equation:


    ∂ T   ∂ t   =     Q ˙   r e a c   +   Q ˙   c o n v   +   Q ˙   c o n d   +   Q ˙   r a d   +  p V  ·  V  c e l l      m  c e l l   ·  c p     



(5)




where  T  is the temperature in K,  t  the time, the heat flow produced by the reactions     Q ˙   r e a c    , the convection     Q ˙   c o n v    , the conduction     Q ˙   c o n d    , and the radiation     Q ˙   r a d     inside each cell,    p V    the power density based on microwave absorption,    V  c e l l     the volume of the current cell element,    m  c e l l     the mass of the cell and    c p    the specific heat capacity. The different heat flows are given as follows [28]:


    Q ˙   c o n v   =  α  t h   ·  A S  ·  (   T 1  −  T 2   )   



(6)






    Q ˙   c o n d   =  λ  t h   · 2 · π · L ·    (   T 1  −  T 2   )    ln  (     r o     r i     )       



(7)






    Q ˙   r a d   =   σ ·  A  S , 1   · (  T 1 4  −  T 2 4  )    1   ε 1    +    A  S , 1      A  S , 2      (   1   ε 2    − 1  )     



(8)




where    α  t h     is the heat transfer coefficient of the material,    A S    the surface area,    λ  t h     the thermal conductivity,  L  the length,    r o    and    r i    the outer and inner radius, respectively.



In Equation (8)  σ  refers to the Stefan–Boltzmann constant,    ε 1    and    ε 2    to the emission coefficient of the respective material, and    A  S , 1     and    A  S , 2     to each surface area.



The heat flow obtained through the chemical reactions     Q ˙   r e a c     is based on the reaction kinetics evaluated from the dielectric loss measurements in combination with the heat of reaction evaluated for two reactions, the cyclization and the oxidation enthalpies.



The power density    p V    absorbed inside a dielectric material from microwave heating can be calculated from the equation [29]:


   p V  = 2 π f  ϵ 0   ϵ r   ″     E 2   



(9)




where  f  is the microwave frequency, and    ϵ 0    is the vacuum permittivity.  E  is the amplitude of the electric field.





3. Results


In this section, temperature-dependent dielectric measurements are presented. The temperature profiles include a heating rate of 30 °C/min, a varying holding time at the process temperature and subsequent free cooling. The temperature, resonance frequency and quality factor are measured every few seconds by use of a MATLAB based process control and data acquisition program. In Figure 5 the change of the dielectric loss during the heating up (blue), holding (red) and cooling down (yellow) phase is shown for a process temperature of 260 °C and a holding time of 50 min. The results show the dielectric loss increases strongly from a low loss starting value of 0.007 to 2.5 at higher temperatures (blue). It decreases when the temperature is kept constant (red) to a value of around 0.6 during isothermal processing at 260 °C. When cooled down (yellow), the dielectric loss decreases even further to 0.016, but remains higher than the starting value. The changes occurring during the isothermal processing and the higher end value after processing lead to the conclusion that the chemical reaction was taking place.



The loss factor    ϵ r  ′ ′     is measured with an accuracy of ±0.0017 for the virgin PAN fiber at room temperature. The worst case for the accuracy of the heated fiber is ±0.14. It is caused by a decrease in the sample quality factor    Q s    resulting in an increase of Equation (3). The stabilized fiber is measured at room temperature with an accuracy of ±0.0019.



In Figure 6a, the permittivity versus processing time at a process temperature of 260 °C is shown. The data demonstrate that for longer holding times, the chemical reaction is still progressing. Even after 180 min at 260 °C, a small change in the dielectric loss is still measurable. Figure 6b compares the dielectric loss and densities of the fibers that have been processed according to Figure 6a after the process has been set back to room temperature. The compared values are marked with a, b, c and d. The corresponding material properties of the unprocessed fiber are included at 0 min. The longer the processing time, the more the dielectric loss is increased back at room temperature, also displayed in the density increase. Therefore, the density can be used as an indication for the stabilization degree, as can the dielectric losses. Values for stabilized industrial PAN fibers are in the range of 1.37 to 1.39 g/cm3 [30]. Similar density results are achieved for a holding time of 70 min (see c). The different processing times can be clearly distinguished in the dielectric loss. This allows for the next step, linking the dielectric loss to the reaction kinetics.



The first step towards understanding the reaction kinetics is gathering long term data of the reaction. In Figure 7a, the temperature profiles are shown. The process temperatures 240 °C, 260 °C, 280 °C and, ultimately, 300 °C were used for a holding time of 300 min. Figure 7b shows temperatures are strongly affecting the slope of the decreasing dielectric loss, when the temperature is kept constant, thus indicating a higher reaction speed. Figure 7c shows after holding the temperatures for 300 min the dielectric loss is still higher at lower process temperatures, demonstrating the reaction progress is less than for higher temperatures. It is assumed that the cyclization and dehydrogenation reactions are completed and the stabilization degree for them is 100%.




4. Discussion


4.1. Reaction Kinetics


For the next step towards determining the reaction kinetics, some important fundamental equations are presented first [32]. In general, the degree of conversion, hence the reaction progress  α  can be described as


    d α   d t   = k  ( T )  · f  ( α )   



(10)




where   f  ( α )    is a function of the degree of conversion and   k  ( T )    is the Arrhenius equation expressing the temperature dependency of a reaction as


  k  ( T )  =  k 0  ·  e  −    E a    R · T      



(11)




with    k 0    is the pre-exponential factor,    E a    is the activation energy,  R  is the universal gas constant, and  T  stands for the absolute temperature. The simplest assumption for   f  ( α )    is


  f  ( α )  = 1 − α  



(12)







Under the assumption that the temperature of the process is constant, the Equation (10) with Equation (12) can be transformed into


  α = 1 −  e  − t · k  ( T )     



(13)







In the case of the stabilization, multiple chemical reactions take place. Separating the reactions is not possible as the dehydrogenation and the oxidation both require oxygen to take place and the cyclization and the dehydrogenation are taking place at the same time. The cyclization can be singled out from the other reactions if an inert gas atmosphere is used. Nevertheless, in a first simplified approach, it was chosen to use two reactions that follow after each other in the reactions model, where the first reaction comprised both the cyclization and dehydrogenation. Data from literature suggest similar activation energies for both reactions, so that the influence of combining them is assumed to be negligible [33].



Figure 8 shows a schematic sketch of the steps taken to link the dielectric loss to the degree of conversion. Generally speaking, the effective dielectric loss    ϵ  e f f   ″     can be connected to the degree of conversion of a reaction  α  by use of an appropriate mixing relation. A linear connection between the start and end material was chosen as basic approach, see Equation (14). It is dependent on the degree of conversion  α , the dielectric loss of the material before the reaction took place, labeled with    ϵ  S t a r t   ″    , thus the starting material and the dielectric loss of the material after the reaction, labeled with    ϵ  E n d   ″    , thus the transformed end material:


   ϵ  e f f   ″   =  (  1 − α  )  ·  ϵ  S t a r t   ″   + α ·  ϵ  E n d   ″    



(14)







In the case of the stabilization, the intermediate product after cyclization and dehydrogenation was chosen as the end product to describe the first reaction, while the stabilized fiber was chosen as the end product of the second reaction. Both effective dielectric losses were then combined into one overall effective dielectric loss scheme.



Thus Equation (14) was applied for both reactions, see also Figure 8    ϵ  e f f , 1   ″     and    ϵ  e f f , 2   ″    , resulting in the final equation for the overall dielectric loss


   ϵ  e f f , g e s   ″   =  (  1 −  α 1   )   ϵ A  ″   +  α 1   (  1 −  α 2   )   ϵ B  ″   +  α 1   α 2   ϵ C  ″    



(15)







With Equation (13) the effective dielectric loss for the complete reaction leads to


   ϵ  e f f , g e s   ″   = (  ϵ A  ″   −  ϵ C  ″   ) ·  e  − t ·  k 1    + (  ϵ B  ″   −  ϵ C  ″   ) ·  e  t ·  k 2    + (  ϵ C  ″   −  ϵ B  ″   ) ·  e  − t · (  k 1  +  k 2  )   +  ϵ C  ″    



(16)







As the dielectric properties show an exponential temperature dependency—as shown in Figure 7c—both for the heating up and the cooling down phase, the following equation is used to describe the temperature dependent dielectric losses of the compounds A, B and C, according to Figure 8, assuming no reaction is taking place:


   ϵ  A , B , C   ″   =  c  A , B , C   ·  e  −    b  A , B , C    T     



(17)




where    c  A , B , C     and    b  A , B , C     are constants.



The next step is to use the software MATLAB [29] and its fitting toolbox to fit Equation (16) under consideration of Equations (11) and (17) to the measured data of Figure 7. The result is shown in Figure 8, and the fitted values are listed in Table 1, with a residual norm of 69. The 95% confidence intervals for the fitting parameters were obtained using the “nlparci” function of MATLAB.



The fitted values are reasonably closely correlated to the measured values. Moreover, the activation energies are in agreement with values from the literature, i.e., as provided by Badii et al. [34]. The cyclization activation energy is given with 81.6 kJ/mol, and 40.9 kJ/mol for the reduction reaction. Badii adds the reduction parallel to the oxidation to the stabilization mechanism. The deviation of the 300 °C curve in the logarithmic presentation (Figure 9, right) is caused by the difference of the calculated versus the actual limiting value    ϵ C  ″    . Similarly, the slight noise in the fit curves is caused by using the measured temperature profiles.



The stabilization process is, amongst other things, dependent on the process temperature. In conventional ovens, the process temperature is strongly influenced by the temperature of the surrounding air mass, while the exothermic reactions are adding extra energy. In the experimental setup, the air temperature was controlled by a thermocouple, but the reproducibility of the thermocouple placement as well as the control loop and the exothermic reactions may cause day-to-day variations of the actual temperatures. These variations of the dielectric loss from different measurements, while using the same process parameters, called “Run”, are shown in Figure 10. Run 1 refers to the same data as in Figure 7 and Figure 9 of the same temperature (same color). The temperature data shows that the measured temperature was almost identical, while the dielectric behavior varies over time. Thus, it is evident that the kinetic parameters evaluated for Run 1 will not lead to a good fit with the data of Run 2. The assumption can be made that the effective temperature in each Run is different.



For the benefit of improving the fit and validate the assumption, a new parameter is introduced, adding a temperature offset to the measured temperature. The resulting fit for Run 2 of 260 °C and 280 °C can is shown in Figure 11. According to the dielectric behavior measured, the effective temperature of the 260 °C data in Run 2 is 7.7 °C higher, while for the 280 °C data it is 9.7 °C lower. As a temperature offset leads to a reasonably close fit, while using the same reaction kinetics parameters, the assumption is validated, and it can be concluded that the thermocouple placement is the main source of uncertainty.



In Figure 12 the stabilization degree of the effective reaction kinetics (see Equation (15)) is plotted for the heating profile considering a heating ramp of 30 °C/min, a process temperature of 300 °C and a holding time of 300 min. It shows the decrease of the original material expressed as dielectric loss    ϵ A  ″     (blue line) while intermediate (red line) and final products (yellow line) are accumulating. As soon as any intermediate product with dielectric loss    ϵ B  ″     is formed, it is directly transformed into the final product    ϵ C  ″    . Using the dielectric properties as industrial measurement method will require calibration for different fiber qualities. Moreover, the stabilization degree needs to be calibrated according to conventionally produced material. In industrial production today, the fiber passes multiple heating zones slowly increasing temperature, and avoiding an overheating effect. In the measurements presented above, a tradeoff between ongoing reaction and temperature dependent dielectric loss had to be made. A higher heating rate was chosen to decrease the time of the chemical transformation in the heating up stage. A change in heating rate will result in a change of the dielectric properties as the reaction progresses also during the heating up stage. An optimized heating profile could be beneficial for the fiber quality, and should be investigated in future.




4.2. Thermal Process Model


Together with the input parameters shown in Table 2, the findings from the reaction kinetics are implemented in the thermal model. Both the calculation of the used heat of reaction and the effective fiber properties can be found in [35]. A batch process, i.e., without fiber movement, is considered. The setting is a hybrid one, as the influence of the air flow temperature and a constant microwave power are analyzed. For the electric field strength, the simulated value from CST Microwave Studio [23] is used and adapted according to the input power level. As depicted in Figure 13, only the last mesh cell is examined over time. In Figure 14 and Figure 15, the temperature development is shown as an example for the first 10 min of holding time including the heating-up phase. Comparing Figure 14a–c the air temperature impact on the hybrid heating process becomes evident. Thus, the air temperature should always get considered in experimental and manufacturing setups. Additionally, it shows for the given specific boundary conditions, a minimum temperature is required for the chemical reaction to take place completely. In Figure 14c, the temperature of the fiber increases more than the air temperature due to the chemical reaction and the microwave heating. From Figure 15a,b, the microwave power is increased from 1 W to 1.7 W, but as result the fiber temperature increases significantly by about 30 °C. Already at a 1.8 W power input, the fiber temperature becomes unstable and the fiber is burned, as shown in Figure 15c. The simulation was stopped prematurely due to a chosen abort condition in case of temperatures over 360 °C. These simulation results shows that small variations in the process parameters can have a big impact on the process, and can lead to process instabilities and overheating of the fiber easily.





5. Conclusions


A test-set for high-resolution dielectric measurements, based on the cavity perturbation method in a TM010 mode cylindrical cavity, has been developed for the characterization of PAN fibers at 2.45 GHz. By use of systematic variation of process temperature and time for isothermal soak, for the first time a comprehensive data set of in-situ dielectric loss has been compiled during the stabilization process of PAN fibers.



To connect this data to the stabilization degree of the PAN fibers, a reaction kinetics model based on first-order reaction models was developed and combined with a simple linear dielectric mixing rule. The final model was successfully fitted to the measured time and temperature dependent dielectric data and clearly reveals the importance of accurate temperature measurement and control. The activation energies determined by the fitting routine for the combined cyclisation and dehydrogenation reaction and the subsequent oxidation reaction are comparable to the results in the literature. This validates the applicability of the model and the potential of high resolution in situ dielectric measurements for thermal analysis of these kind of chemical reactions. Furthermore, based on the derived reaction kinetics model, in situ dielectric measurements could be also used for measurement of the degree of stabilization within a PAN fiber stabilization process line.



A heat-transfer model, which includes dielectric microwave heating and the enthalpies of the exothermal stabilization reactions combined with the developed reaction kinetic model allows numerical parameter studies of a potential microwave-assisted process. By use of this model for simulation of a batch process, the influence of process parameters such as microwave power and gas temperature has been analyzed and limits for potential process instabilities and overheating have been identified. In future work, these achievements will be used to design optimized applicator geometries for a microwave-assisted continuous stabilization process using high-power solid-state microwave generators.







Author Contributions


Investigation, J.H.; writing—original draft preparation, J.H.; writing—review and editing, J.H., G.L. and J.J.; visualization, J.H.; supervision, G.L. and J.J.; funding acquisition, G.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Federal Ministry for Economic Affairs and Energy of Germany, grant number ZF4204603SY7.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank the project partner KCTECH for the providing the fiber samples. The authors acknowledge the support by the KIT-Publication Fund of the Karlsruhe Institute of Technology.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Park, S.-J. Carbon Fibers; Springer: Dordrecht, The Netherlands, 2015. [Google Scholar]

	



Dragon Plate. Carbon Fiber vs. Aluminum. Available online: https://dragonplate.com/carbon-fiber-vs-aluminum (accessed on 21 October 2021).

	



Heine, M. Optimierung der Reaktionsbedingungen von Thermoplastischen Polymerfasern zur Kohlenstoffaser-Herstellung am Beispiel von Polyacrylnitril. PhD. Thesis, Technische Universität Karlsruhe, Karlsruhe, Germany, 1989. [Google Scholar]

	



Paulauskas, F.L.; White, T.L. Temperature-dependent Dielectric Measurements of Polyacrylonitrile Fibers during Air Oxidation. In Proceedings of the International SAMPE Symposium and Exhibition, Long Beach, CA, USA, 16–20 May 2004. [Google Scholar]

	



Chao, H.-W.; Hsu, H.-C.; Chen, Y.-R.; Chang, T.-H. Characterizing the dielectric properties of carbon fiber at different processing stages. Sci. Rep. 2021, 11, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, P. Carbon Fibers and Their Composites; CRC Press: Boca Raton, FL, USA, 2005. [Google Scholar]

	



Wohlmann, B.; Wölki, M.; Hunyar, C.; Emmerich, R.; Kaiser, M.; Graf, M.; Alberts, L.; Nauenburg, K.-D. Stabilization of Polyacrylonitrile Precursor Yarn. EP2475812 B1, 18 July 2012. [Google Scholar]

	



Paulauskas, F.; White, T.; Sherman, D. Apparatus and Method for Oxidation and Stabilization of Polymeric Materials. U.S. Patent US7786253 B2, 31 August 2010. [Google Scholar]

	



Paulauskas, F.; Naskar, A.; Bonds, T. Advanced Oxidation Method for Producing High-Density Oxidized Polyacrylionitrile Fibers. U.S. Patent US20150252501 A1, 10 September 2015. [Google Scholar]

	



Paulauaskas, F.; Bigelow, T.; Meek, T. Diagnostic monitor for carbon fiber processing. U.S. Patent US6375875 B, 23 April 2002. [Google Scholar]

	



Paulauskas, F.L.; Carpenter, J.A.; Warren, C.D. Oxidative stabilization of pan fiber precursor. In Automotive Lightweighting Materials, FY 2004 Progress Report; Office of Energy Efficiency and Renewable Energy: Washington, DC, USA, 2004. [Google Scholar]

	



Lee, S.-W.; Lee, H.-Y.; Jang, S.-Y.; Jo, S.-M.; Lee, H.-S.; Lee, S. Tensile properties and morphology of carbon fibers stabilized by plasma treatment. Carbon Lett. 2011, 12, 16–20. [Google Scholar] [CrossRef]

	



Lee, S.-W.; Lee, H.-Y.; Jang, S.-Y.; Jo, S.; Lee, H.-S.; Choe, W.-H.; Lee, S. Efficient preparation of carbon fibers using plasma assisted stabilization. Carbon 2013, 55, 361–365. [Google Scholar] [CrossRef]

	



Liu, J.; Xiao, S.; Shen, Z.; Xu, L.; Zhang, L.; Peng, J. Study on the oxidative stabilization of polyacrylonitrile fibers by microwave heating. Polym. Degrad. Stab. 2018, 150, 86–91. [Google Scholar] [CrossRef]

	



Zhang, C.; Liu, J.; Guo, S.; Xiao, S.; Shen, Z.; Xu, L. Comparison of microwave and conventional heating methods for oxidative stabilization of polyacrylonitrile fibers at different holding time and heating rate. Ceram. Int. 2018, 44, 14377–14385. [Google Scholar] [CrossRef]

	



Zhao, G.; Liu, J.; Xu, L.; Guo, S. Study on Structure Evolution and Reaction Mechanism in Microwave Pre-oxidation. J. Inorg. Organomet. Polym. Mater. 2021, 31, 3562–3571. [Google Scholar] [CrossRef]

	



Dunham, M.; Edie, D. Model of stabilization for pan-based carbon fiber precursor bundles. Carbon 1992, 30, 435–450. [Google Scholar] [CrossRef]

	



Khayyam, H.; Jazar, R.N.; Nunna, S.; Golkarnarenji, G.; Badii, K.; Fakhrhoseini, S.M.; Kumar, S.; Naebe, M. PAN precursor fabrication, applications and thermal stabilization process in carbon fiber production: Experimental and mathematical modelling. Prog. Mater. Sci. 2020, 107, 100575. [Google Scholar] [CrossRef]

	



Terra, B.M.; de Andrade, D.A.; de Mesquita, R.N. Characterization of polyacrylonitrile thermal stabilization process for carbon fiber production using intelligent algorithms. Polym. Test. 2021, 100, 107238. [Google Scholar] [CrossRef]

	



Yu, M.-J.; Bai, Y.-J.; Wang, C.-G.; Xu, Y.; Guo, P.-Z. A new method for the evaluation of stabilization index of polyacrylonitrile fibers. Mater. Lett. 2007, 61, 2292–2294. [Google Scholar] [CrossRef]

	



Chen, L.-F.; Ong, C.; Neo, C.; Varadan, V.; Varadan, V.K. Microwave Electronics: Measurement and Materials Characterization; John Wiley & Sons: West Sussex, UK, 2004. [Google Scholar]

	



Ramopoulos, V.; Soldatov, S.; Link, G.; Kayser, T.; Gehringer, M.; Jelonnek, J. Microwave system for in-situ dielectric and calorimetric measurements in a wide temperature range using a TE 111-mode cavity. In Proceedings of the 2015 IEEE MTT-S International Microwave Symposium, Phoenix, AZ, USA, 17–22 May 2015; pp. 1–4. [Google Scholar]

	



Dassault Systems. CST Studio Suite 2018. Available online: https://www.3ds.com/de/produkte-und-services/simulia/produkte/cst-studio-suite/ (accessed on 30 November 2021).

	



Pozar, D.M. Microwave Engineering; John Wiley & Sons: Hoboken, NJ, USA, 2011. [Google Scholar]

	



Thermocoupleinfo. Thermocouple Accuracies. Available online: https://www.thermocoupleinfo.com/thermocouple-accuracies.htm (accessed on 30 November 2021).

	



JCGM. GUM: Evaluation of Measurement Data—Guide to the Expression of Uncertainty in Measurement; JCGM 100:2008; JCGM: 2010. Available online: https://www.bipm.org/documents/20126/2071204/JCGM_100_2008_E.pdf/cb0ef43f-baa5-11cf-3f85-4dcd86f77bd6 (accessed on 19 December 2021).

	



The MathWorks, Inc., Version: Matlab R2019b. Available online: https://de.mathworks.com/products/matlab.html (accessed on 30 November 2021).

	



Stephan, P.; Kabelac, S.; Kind, M.; Mewes, D.; Schaber, K.; Wetzel, T. VDI-Wärmeatlas: Fachlicher Träger VDI-Gesellschaft Verfahrenstechnik und Chemieingenieurwesen; Springer: Berlin/Heidelberg, Germany, 2006. [Google Scholar]

	



Mehdizadeh, M. Microwave/RF Applicators and Probes: For Material Heating, Sensing, and Plasma Generation; William Andrew: San Diego, CA, USA; Burlington, ON, USA, 2015. [Google Scholar]

	



Hofele, J.; Link, G.; Jelonnek, J. Dielectric Measurements of PAN Precursor and Stabilized Fibers. In Proceedings of the 2020 German Microwave Conference (GeMiC), Cottbus, Germany, 9–11 March 2020; pp. 192–195. [Google Scholar]

	



SGL Carbon. PANOX Oxidierte PAN-Fasern. Available online: https://www.sglcarbon.com/loesungen/material/panox-oxidierte-pan-fasern/ (accessed on 30 November 2021).

	



Vyazovkin, S.; Burnham, A.K.; Criado, J.M.; Pérez-Maqueda, L.A.; Popescu, C.; Sbirrazzuoli, N. ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data. Thermochimica Acta 2011, 520, 1–19. [Google Scholar] [CrossRef]

	



Xue, Y.; Liu, J.; Liang, J. Correlative study of critical reactions in polyacrylonitrile based carbon fiber precursors during thermal-oxidative stabilization. Polym. Degrad. Stab. 2013, 98, 219–229. [Google Scholar] [CrossRef]

	



Badii, K.; Golkarnarenji, G.; Milani, A.S.; Naebe, M.; Khayyam, H. A comprehensive chemical model for the preliminary steps of the thermal stabilization process in a carbon fibre manufacturing line. React. Chem. Eng. 2018, 3, 959–971. [Google Scholar] [CrossRef]

	



Gandert, J. Model Set Up for the Stabilization of PAN Fibers- Implementation of the Reaction Kinetics and Analysis of Heat Input and Heat Transfer. Master’s Thesis, Karlsruhe Institute of Technology, Karlsruhe, Germany, 2020. [Google Scholar]








[image: Materials 15 01222 g001 550] 





Figure 1. Reaction schematic of the stabilization stage. 
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Figure 2. Simplification of the fiber in the 3D electromagnetic simulation by a cylinder with an effective fiber diameter. 
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Figure 3. Schematic drawing of in-situ measurement setup of the temperature-dependent dielectric properties. 
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Figure 4. 2D-schematic sketch of the mesh cells in the thermal model. 
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Figure 5. Dielectric loss for a process time of 50 min and at a process temperature of 260 °C. 
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Figure 6. Dielectric loss and densities for different process times with a process temperature of 260 °C (Adapted from [31]). (a) Time dependent change of the dielectric loss for different process times. (b) Dielectric loss and density at room temperature after the process. 
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Figure 7. Dielectric loss long term measurement for different temperatures. (a) Temperature profiles. (b) Dielectric loss over time. (c) Dielectric loss over temperature. 
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Figure 8. Diagram showing linkage between degree of conversion and dielectric loss during the stabilization stage. 
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Figure 9. Linear (left) and logarithmic (right) graphical presentation of the measured dielectric loss and the fitted curves. 
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Figure 10. Dielectric loss of the same process parameters measured at different campaigns. 
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Figure 11. Logarithmical comparison between measured dielectric loss and fitted values using a temperature offset. 
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Figure 12. Stabilization degree  α  at temperature of 300 °C. 
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Figure 13. Schematic mesh with colored mesh cells that are evaluated over time in the next figures. 
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Figure 14. Thermal development depending on 1 W microwave power and different air temperatures overtime. 
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Figure 15. Thermal development depending on 200 °C air temperatures and different microwave power levels over time. 
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Table 1. Fitted parameter values and confidence intervals.
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Parameter

	
Unit

	
Value

	
Confidence Interval






	
    k  0 , 1     

	
1/s

	
2.44 × 105

	
2.36 × 105

	
2.52 × 105




	
    E  a , 1     

	
kJ/mol

	
98.56

	
98.42

	
98.72




	
    k  0 , 2     

	
1/s

	
10.2

	
9.5

	
11




	
    E  a , 2     

	
kJ/mol

	
39.2

	
38.86

	
39.52




	
    c A    

	
-

	
1083

	
1068

	
1099




	
    b A    

	
-

	
3689

	
3681

	
3696




	
    c B    

	
-

	
2511

	
2115

	
2907




	
    b B    

	
-

	
2572

	
2485

	
2658




	
    c C    

	
-

	
14.5 × 108

	
9.2 × 108

	
19.8 × 108




	
    b C    

	
-

	
13.1 × 103

	
12.9 × 103

	
13.3 × 103
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Table 2. Model input parameter values for the temperature calculation of a batch process.
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	Fixed Parameter
	Value
	Unit





	ambient air temperature
	20
	°C



	air flow
	100
	l/min



	cavity length
	45
	mm



	cavity radius
	45
	mm



	mesh cells in axial direction
	30
	-



	fiber mesh cells in radial direction
	10
	-



	air mesh cells in radial direction
	4
	-



	quartz tube mesh cells in radial direction
	4
	-



	electrical field strength from CST
	12,000
	V/m



	heat of reaction for cyclization
	−6.53 × 105
	J/kg



	heat of reaction for dehydration
	−4.933 × 106
	J/kg



	heat of reaction for oxidation
	−1.44 × 107
	J/kg



	effective thermal conductivity of fiber, radial
	0.069
	W/(m·K)



	effective heat capacity of fiber
	1310
	J/(kg·K)



	emission coefficient of fiber
	0.95
	-



	effective density of fiber
	616
	kg/m3
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