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Abstract
The production of carbon fibers is divided into a multi-zone stabilization and a multi-zone carbonization [1]. The properties of carbon fibers are mainly influenced by the three main process parameters of the stabilization and carbonization [2]: Dwell time, temperature and tension. Especially, setting the tension creates an enormous potential of improving the fiber properties without influencing costs. Studies of HEINE show first approaches of determining the needed tension during stabilization. His studies point out that there are two different types of shrinkage: Chemical shrinkage and physical shrinkage. Since the physical shrinkage leads to a disorder of the molecules, it needs to be avoided by applying a tension. The chemical shrinkage results from the formation of the typical carbon structure. Therefore, the chemical shrinkage must not be prevented. Both shrinkages cannot be measured directly. Therefore, there is no explicit method of determining the right tension directly with the theory of physical and chemical shrinkage at the moment. [3] 
This research paper focuses on a tension determining method which was developed at the Institute of textile technology Aachen (ITA). The method is based on the work of HEINE. The method was already applied for a time reduced stabilization and carbonization profile at the ITA. Through the method the tensile strength increases by 12 % from 3.1 GPa to 3.5 GPa. In addition, the E-modulus increases from 164 GPa to 198 GPa.

1.
Introduction
Carbon fibers offer excellent mechanical properties at a low density [3]. Industry standard fibers currently have a breaking stress of 2.5 GPa to 7 GPa and an E-modulus of 200 GPa to 500 GPa [4]. They are therefore particularly suitable for use in lightweight construction in various industrial areas [5]. However, a complete establishment in low-cost areas such as the automotive industry or the sports equipment industry has not been achieved in the past. Market development in these sectors is limited by the high price resulting from the complex and cost intensive manufacturing processes. The mechanical properties that can be achieved, on the other hand, often exceed the requirements. In the automotive industry a tensile strength between 2 GPa and 3.1 GPa and an E-module between 215 GPa and 315 GPa are required [6] (compare Figure 1). By reducing the production costs of carbon fibers with moderate fiber properties, many new markets can be opened up. 
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Figure 1. Market requirements for carbon fibers by application area
The production process of PAN-based carbon fibers takes place in three stages:
1. Creation of the PAN precursor

2. Stabilization and carbonization of the PAN precursor

3. Post-treatment of the carbon fiber
Due to the high process time of up to 120 minutes and a share of 22 % of the total costs, the stabilization offers a great potential for reducing the costs of carbon fibers [7]. In recent years, various stabilization profiles have been developed at ITA to meet the demand for low-cost fibers with moderate properties. By adjusting the temperature profiles, the stabilization time of a PAN precursor from Bluestar Co. (Grimsby, Uk) was reduced from initial 82 min to 49 min. However, the breaking stress of the carbon fibers was reduced as well, from 3.3 GPa to 3.1 GPa. The E-modulus of the fibers also deteriorates by 17% from 197 GPa to 164 GPa due to the use of the shortened profile. Setting the right tension creates an enormous potential of improving the fiber properties without influencing costs. 
The required tension needs to be adapted to the reactions during the different temperature stages. Studies of HEINE point out that there are two different types of shrinkage: Chemical shrinkage and Physical shrinkage. Chemical shrinkage is caused by the formation of the ring structure during cyclization. The chemical shrinkage should not be counteracted as far as possible, as otherwise the ring structure cannot form sufficiently and micro-fractures in the fiber occur. These micro fractures result in lower tensile strengths. Physical shrinkage, on the other hand, is caused by chain movements and chain relocation. The rearrangements are based on the principle that a system always strives for the highest degree of disorder. The movements of the polymer chains increase due to the high temperature. The polymer chains become entangled as a result [3]. Due to the rearrangement of the chains, the degree of orientation of the fiber decreases. In contrast to chemical shrinkage, physical shrinkage must therefore be counteracted by applying a tension. However, the physical and chemical shrinkage cannot be clearly separated and also overlap. They also depend on the temperature, the comonomer content and the residence time in the furnace. [2, 3]. Summarizing there is no specific method for determining the required tension during stabilization at the moment. 

2.
Method of determining the required tension
The aim of applying a fiber tension during stabilization is to maintain or increase the orientation of the fiber filaments without destroying the structure of the fibers. According to the theory of chemical and physical shrinkage, the fiber tension must not be too low or too high, as otherwise the structure or orientation of the fiber filament will be damaged. Furthermore, the fiber filaments are subjected to different loads depending on their position in the fiber bundle. They also differ in their diameter (see Figure 2).
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Figure 2. Position of the filaments in the fiber bundle

The defects in the fiber structure therefor do not occur uniformly in all filaments, but only in part of the filaments, depending on the applied tension. Since the defects in the structure lead to a reduction in the mechanical properties and thus to a reduction in elongation at break, the CV value of the elongation at break of the individual filaments is used to assess the fiber quality. A low CV value of elongation at break means that all fiber filaments tear at a similar elongation. In this case, as few errors as possible are to be expected in the structures or the orientation of the structure of the individual filaments. Figure 3 shows the CV value to be expected as a function of the fiber tension. 
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Figure 3. Parabolic curve of CV values of elongation at break
At low fiber tensions, the CV value of elongation at break increases due to errors in the orientation of the chemical structure of the fiber. If the fiber power is too high, the CV value also increases, as the chemical structure is damaged by the counteracting the chemical shrinkage. At the optimal tension, the CV value of the elongation at break is minimal. This point offers the best compromise between preventing physical shrinkage and allowing chemical shrinkage. 
To determine the optimal tension profile, fiber samples with different fiber tensions are produced within a zone. Accordingly, the optimal fiber power is determined separately for each zone. The fiber tensions are selected in such a way that the entire range of possible fiber tensions is covered as far as possible. In a subsequent step, the mechanical properties and in particular the elongation at break of the fiber samples are determined with the Favimat (Textechno GmbH & Co. KG, Mönchengladbach). For this purpose, at least 35 individual filaments per fiber sample are measured. To minimize the influence of possible measurement outliers within the measurement of a sample, the measurement values of each fiber sample are examined for outliers using the David Hartley Pearson test. A significance level of 97.5 % is selected to determine the outliers. After that the CV-Value of the elongation at break is calculated for each sample. The optimal fiber tension is obtained at the minimal CV value of elongation at break. After determining the tension in the first zone, the method is repeated for the next zone. The previously determined fiber power is used to produce the input material for the next zone. The method is completed when an optimal fiber tension is available for all zones.
3.
Results and Conclusion 
In the following the determination of the optimal tension in the first zone of stabilization is presented as an example. In Figure 4 the CV values of the elongation at break of all samples in the first zone are shown in relation to the applied fiber tension. To illustrate the curve of the measured values, an additional trend graph is shown in the diagram.
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Figure 4. CV values of elongation at break in the first zone
The values show the parabolic course predicted in Figure 3. Taking into account the overall course of the CV values, the minimum CV value is obtained for the fiber sample with 8.3 N. The measured values of the fiber samples with a fiber tension of 5 N and 11.6 N are not representative in comparison to the overall course of the measured values and are therefore not taken into account, although their CV value is lower. The optimal fiber tension for the first zone is therefore around 8 N.

Based on the results of the first zone, the method was applied to the other Zone of stabilization. This adjustment significantly improved the properties of the fibers produced. By adjusting the fiber tension, the tensile strength increases by 12 % from 3.1 GPa to 3.5 GPa.  In addition, the e-modulus increases from 164 GPa to 198 GPa. Furthermore, the method was validated by several validation measurements on different production plants.
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