

  jcs-05-00116




jcs-05-00116







J. Compos. Sci. 2021, 5(5), 116; doi:10.3390/jcs5050116




Article



Numerical Buckling Analysis of Hybrid Honeycomb Cores for Advanced Helmholtz Resonator Liners



Moritz Neubauer[image: Orcid], Martin Dannemann *[image: Orcid], Michael Kucher[image: Orcid], Niklas Bleil, Tino Wollmann[image: Orcid] and Niels Modler





Institute of Lightweight Engineering and Polymer Technology (ILK), Technische Universität Dresden, Holbeinstraße 3, 01307 Dresden, Germany









*



Correspondence: martin.dannemann@tu-dresden.de; Tel.: +49-351-463-38134







Academic Editor: Salvatore Brischetto



Received: 7 April 2021 / Accepted: 20 April 2021 / Published: 23 April 2021



Abstract

:

In order to realize novel acoustic liners, honeycomb core structures specially adapted to these applications are required. For this purpose, various design concepts were developed to create a hybrid cell core by combining flexible wall areas based on thermoplastic elastomer films and rigid honeycomb areas made of fiber-reinforced thermoplastics. Within the scope of the presented study, a numerical approach was introduced to analyze the global compressive failure of the hybrid composite core structure, considering local buckling and composite failure according to Puck and Cuntze. Therefore, different geometrical configurations of fiber-reinforced tapes were compared with respect to their deformation as well as their resulting failure behavior by means of a finite element analysis. The resulting compression strength obtained by a linear buckling analysis agrees largely with calculated strengths of the more elaborate application of the failure criteria according to Puck and Cuntze, which were implemented in the framework of a nonlinear buckling analysis. The findings of this study serve as a starting point for the realization of the manufacturing concept, for the design of experimental tests of hybrid composite honeycomb core structures, and for further numerical investigations considering manufacturing as well as material specific aspects.
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1. Introduction


The Honeycomb core structures are used for a variety of different applications, focusing lightweight sandwich structures with specific high flexural properties and a high bending stiffness. In the sense of a function-integrative lightweight design, as described by Modler et al. [1], these structural properties can be combined with functional properties such as acoustic damping. A very well-known example is the acoustic liner, which is used to reduce engine-introduced noise in various engineering applications, such as in automobiles and aircrafts [2,3,4,5]. The separated cavities of honeycomb cores are particularly suitable for these applications in acoustic liners [6] and are established in the aerospace industry. Due to the acoustical characteristics of the conventional Helmholtz resonator (HR) liners, high transmission losses are only obtained for a narrow frequency band [2]. A concept for the improvement of broadband noise absorption for acoustical liners was carried out by Barnobi [7], Follet et al. [8], and recently by Dannemann et al. [9] and Knobloch et al. [10]. These preliminary investigations showed an improvement in the damping performance of the acoustic liners due to their hybrid structure, where flexible walls of thin film are integrated into a rigid core geometry [11].



Even though acoustic liners mainly focusing acoustical applications, they have to withstand mechanical loads, such as during maintenance work or in case of impact loads. The combination of isotropic films as flexible wall sections and fiber-reinforced thermoplastic tapes serving as a support structure allows optimization of both the acoustic and structural properties of the core. Due to the intended application of the acoustic liners as function-integrative lightweight structure with combined acoustical and structural properties, the Helmholtz resonance frequency as well as the deformation and failure behavior depend on the cell geometry, the material of the cell walls and its configuration. Therefore, a numerical approach for preliminary investigations on design, manufacturing, and mechanical testing of honeycomb core structures made of composite materials is required.



In the last decades, numerous publications were carried out considering especially an improvement of the core designs. Some of these studies analyzed the mechanical response of honeycomb structures and similar thin-walled structures under various loads (such as [12,13,14,15,16,17]). With regard to the simulation of complex microstructures, Vondřejc and Geus [18] compared the FEA and numerical methods based on the fast Fourier transform with respect to their numerical efficiency and showed potentials and limitations of the designated methods. A numerical formulation was introduced by Liu and Jeffers [19] which is based on isogeometric analysis enabling the simulation of functionally graded materials and geometrically nonlinear effects. The response to compression of honeycomb structures by considering the cell size and cell materials was investigated by Wu et al. [20]. They investigated that cores with a smaller cell size and height had a better structural performance under quasi-static and impact-loading conditions. The prediction of the macroscopic deformation behavior using detailed mechanic models on meso-scale was analyzed by Seemann and Krause [21] as well as Hähnel et al. [22]. The deformation behavior of honeycomb cores under various loads was investigated for Kevlar staple fibers with random orientation which was impregnated with phenol resin using a linear-elastic material behavior [22] and for different phenolic resin-impregnated aramid papers using a stochastic approach for the modelling imperfections of the material behavior [23]. In addition, recent work on the mechanical behavior of composite truss core structures under various loads is relevant to the present work because of the similarities to the support structure of the targeted hybrid honeycomb core [24,25,26]. Compared to these previous studies, a numerical approach for the investigation of the failure behavior for honeycomb core structure with partial fiber-reinforcement is introduced for the first time.



The aim of the presented work is to analyze the failure behavior of hybrid honeycomb core structures partially made of composite materials under compression load. Different design concepts of prismatic hybrid core structures are demonstrated and the compression behavior of a preferred variant is analyzed. The numerical model, the implementation of boundary conditions, as well as geometrical imperfection are described. In order to assess the effect of the geometrical design of the hybrid honeycomb core on its failure behavior, various configurations of the composite support structure are analyzed, and different failure criteria as well as the resulting fiber failure modes of the composite core structure are discussed.




2. Materials and Methods


2.1. Structural Design


The basic cell shapes of honeycomb cores are the hexagon, the square, and the flex-core [27]. Thereby, hexagonal cells are by far the most common adhesively bonded honeycomb core structures while most resistance welded and brazed cores have square cells and obtain very narrow cell sizes. With regard to the manufacturing, different designs of square and hexagonal honeycombs made of flexible films and stiff fiber-reinforced materials can be realized (Table 1). For square honeycomb, wall straps with cross-slots could be assembled (Table 1, Config. 1) [9,28]. Changing the design of the connection areas leads to further configurations (Table 1, Config. 2, Config. 3). These square cores require a high manual effort during the assembly process. For the integration of thermoplastic materials, the expansion or corrugation method [27] as well as the manufacturing of folded thermoplastic honeycomb cores [29,30] seem to be more applicable. With regard to advanced acoustic liners, configurations 4 and 5 have the great advantage of enabling a continuous manufacturing process, allowing complex cell shapes and obtaining large flexible wall areas.



In the current study, configuration 4 was chosen because it offers high potential for processing thermoplastic film-based materials, enables a continuous manufacturing process, and achieves the largest flexible wall area (Table 1, Config. 4).



The structural concept of configuration 4 was used to realize advanced hybrid acoustic liner with partially fiber-reinforced support structures (Figure 1b). The flexible wall areas were made of thermoplastic polyurethane (TPU) and the stiff wall areas were made of a carbon fiber-reinforced polyamide 6 tape. For the manufacturing, the concept of folding thermoplastic honeycomb cores structures introduced by Kucher et al. [30] is targeted. In this context, the manufacturing and design concept of a composite lattice truss structure presented by Li et al. [31] indicates an alternative method for realizing the support structure of configuration 4.



In order to investigate the effects of the geometry of the fiber composite structures on the structural mechanical behavior of the core, the width    w t   , and thickness    t t    of the tape were varied, while the film thickness    t f    and the height of the core    h c    were kept constant. The chosen base material was a unidirectional carbon fiber-reinforced plastic (CFRP) tape with a thickness of 0.13 mm. To create different thicknesses of the reinforcing structure, the tape was stacked on top of each other resulting in total thickness of 0.26 mm, 0.52 mm, and 0.78 mm. The width of the tapes varied up to a proportion of 100%, 75%, or 50% of the side length of    a c    = 12 mm, respectively. This resulted in nine different geometric configurations, ranging from a thickness of 0.26 mm and a width of 6 mm (T0.26W6) for the thinnest/narrowest configuration to a thickness of 0.78 mm and a width of 12 mm (T0.78W12) for the thickest/widest tape configuration (Table 2).



In order to refer to the stress state of the CFRP tape, the introduced global coordinate system (see Figure 1b) with axes 1, 2, and 3 is aligned according to the orthotropic coordinate system of a representative volume element of a unidirectional laminate, where the 1-direction corresponds to the ‖-direction (fiber direction) and the 2- respectively 3-direction corresponds to the ⊥-direction (transverse to fiber direction) [32].




2.2. Material and Failure Behavior of Polymer and Composite Structures


The core structure consists of two components (TPU film, CFRP tape). The films influenced the acoustic liners damping performance as described in the studies [9,10,33] and were made of TPU. Since the film plays a subordinate role with regard to the stability of the structure due to their significantly lower Young’s modulus (compare Table 3), an isotropic, linear elastic material behavior was assigned to reduce the necessary computational resources for solving the model.



To increase the stability and thus the critical buckling load of the core, CFRP tapes are integrated in each cell as a support structure (see Figure 1). The tapes consist of polyamide 6 reinforced by unidirectional aligned carbon fibers. This material has a transversal isotropic material behavior.



For the estimation of the failure behavior of the composite core structure, the Puck criterion [36] and the Cuntze criterion [37] were applied. For each criterion, the relevant failure mode was determined using the engineering stress and the relevant strengths [32,38].




2.3. Modelling and Numerical Implementation of Honeycomb Core Buckling


A finite element analysis (FEA) of the composite core structure under quasi-static compression was carried out using the simulation environment (Ansys Workbench 2021 R.2., Ansys, Canonsburg, PA, USA). A linear static-structural-mechanical analysis, a linear buckling analysis, and a nonlinear static-structural-mechanical analysis considering large deformations were performed in order to obtain the deformation behavior of the core.



Preliminary investigations regarding the geometry, element selection, and boundary conditions determined the setup of the core modeling. The simulation with solid elements revealed that the normal stresses in the direction of lateral compression (   x 1   -direction) are significantly higher compared to the normal stresses perpendicular to them (   x 2   -, and    x 3   -direction). Since the cell walls and tapes are very thin, only very low shear stresses are generated in the tapes and honeycombs. Consequently, the use of shell elements instead of solid elements was advisable, since the stresses in the thickness direction were low. Thus, the simulation was performed using the thin shell element SHELL181 with four nodes (QUAD4) and linear basis functions. The element size of 0.5 mm was determined in a convergence study representing a reasonable compromise between computational effort and numerical accuracy. Depending on the tape width, the model consisted of 6480 to 7200 elements.



2.3.1. Geometry and Boundary Conditions


A periodic unit cell of the core was defined (Figure 2). The displacements    u i    were oriented in the direction of the global coordinates    x i   , and the displacements     u ¯  i    were oriented in the directions of the local coordinates     x ¯  i   . The unit cell contains two tapes aligned parallel to the double honeycomb walls and four adjacent bisected single honeycomb walls. The compression of the shell model was modeled in accordance to the ASTM-C365 [39] by applying a constant displacement in the    x 1   -direction at the upper edges of the core. A total displacement of 0.02 mm was applied in the linear static analysis and a displacement of 0.5 mm was considered in the nonlinear deformation analysis, which corresponds to approximately 1.67% of the core height.



The displacement in all other directions (global    x 2   - and    x 3   -directions) was fixed. A fixation in all directions was realized at the lower edges of the core. Depending on the desired manufacturing process, the tapes are either welded or glued to the honeycombs. Therefore, the connection between the adjacent shells of the model was set as a compound. In order to represent the periodicity of the structure, boundary conditions can be introduced at the section planes of the honeycomb edges (in the shell geometry in the form of section edges). For the further numerical analyses, symmetry constraints perpendicular to the section planes of the free-standing cell walls were applied by fixing the displacement in the      x 3   ¯   -direction and setting the displacement in each transverse direction as free. This approach has proven to be useful in previous investigations with respect to the realistic representation of the structural failure [17,40,41].




2.3.2. Implementation of Geometrical Imperfection


The structure is predisposed to stability failure in the form of buckling due to the geometry of the walls. In the Ansys FEA software, eigenvalue buckling analysis was used to determine the buckling strength of the core structure. When the critical buckling load was reached, the structure started to deform according to the first buckling mode. This led to a drop in the reaction force and ultimately to a stability failure of the structure. This analysis is also known as linear buckling analysis. However, since imperfections such as nonlinear material behavior, manufacturing tolerances or, in the case of fiber composites, fiber waviness, resin concentration or thickness variations occur in reality, the theoretical buckling strengths are rarely achieved in practice. With the help of a linear buckling analysis, the realistic buckling behavior cannot be described because the force application point shifts during deformation which is not taken into account in the linear analysis. Therefore, for large displacements that occur during buckling of thin structures, it is necessary to perform a geometric nonlinear analysis. A static structural analysis was first performed where the geometry and initial conditions of a unit load case are defined. In the following coupled linear eigenvalue buckling analysis, the deformations related to the first buckling shape are calculated, which occurs at the critical buckling load of the structure for the defined load case. Finally, a nonlinear analysis was carried out to determine the failure of the composite support structure. Therefore, the calculated deformations of the first buckling mode are considered as initial imperfection, a scaling factor    f s    is applied; a scaling factor of    f s    = 1 represents the deformation magnitudes at the critical buckling load of the first mode. To show the effect of    f s    on the stability behavior of the structure, the nonlinear analysis was performed for different scaling factors between 0.05 and 2 for the first buckling mode (Figure 3). Therefore, a tape thickness of    t t    = 0.26 mm and a width of    w t    = 12 mm and the option of free boundaries were chosen. Additionally, the stress-strain curve of a geometric linear analysis without imperfection (   f s    = 0) was determined.



It can be observed that the stress increase was initially lower with a larger    f s   , since the buckling and thus the instability of the structure was already further progressed. Thus, less force had to be applied to compress the structure. The two curves correspond to the lowest factor    f s    = 0.1 and 0.05 ran up to the linear-elastic buckling point close to the geometric-linear solution. An initially analogous behavior also occurs in the study of Jang et al. [40], where the buckling behavior of over expanded metallic honeycomb cores is investigated. Despite the lower degree of geometric imperfection, the two curves with the lowest    f s    reached comparatively lower stress maxima. For the present study, the scaling factor was set to    f s    = 0.1 according to the similarity to the force-displacement curve from the study by Jang et al. [40].




2.3.3. Determination of the Fiber Reinforced Plastic Failure Behavior


In order to evaluate and assess the failure behavior of the CFRP tapes, the failure criteria according to Puck and Cuntze were integrated into the Ansys postprocessor in the form of an APDL script as described by Lucas [42] and adapted to the current model. The failure criteria according to Puck and Cuntze allow the differentiation of Fiber failure (FF) and inter-fiber failure (IFF), the characterization of the failure mode and a realistic assessment of the stress state. In order to identify the highest stress state occurring in the structure, both the top and the bottom surface of the shell are considered and the one with the higher stress level was evaluated. In addition, the failure criteria according to Puck allow the predetermination of the fracture angle. The failure criterion according to Cuntze also offers the possibility to calculate a failure of the structure due to inter-fiber shear failure (IFF2).



The APDL script acquires the material properties of the tapes, the occurring global shear and normal stresses, as well as the global strains from the input and output values of the FEA. In case of the Puck failure criteria, the script transforms the global stresses into the stresses in the active plane on an element-by-element basis. The relevant failure criteria for each element are then calculated using the inclination parameters of CFRP [36] and the stresses and failure resistances in the active plane. For the Cuntze criterion, the invariants of the occurring stresses are calculated first. Then, using the curve fitting parameters for CFRP [37], the effective efforts for the relevant failure modes are calculated.






3. Results and Discussion


3.1. Resulting Deformation Behavior and Composite Failure


In order to assess the effect of geometrical variations of the tape structure, the nine configurations (see Table 2) were analyzed. The stress-compression responses of the unit cell for the different tape configurations were determined considering large deflections and geometric imperfections (see Figure 4). In the process, the structure is compressed, causing both the rigid CFRP tape and the flexible TPU walls to buckle.



The failure of the structure, represented by black markers, occurs at a displacement range of 0.13% to 0.22% of the core height. This corresponds to a deformation in    x 1   -direction of 0.39 mm and 0.66 mm, respectively. Compressive strengths of the core of 0.36 MPa to 4.6 MPa are achieved. The red marks represent the point where the deviation from the initial linear increase of the stress/compression ratio reaches the threshold of 5%. At this point, the limit of linear elastic increase of the deformation is approximately reached.



In contrast to the initial course, where the critical buckling stresses reach much higher values (see Figure 3), the modeled configurations fail at an earlier stage. Consequently, the failure of the structure is a material failure occurring at the micro and meso levels, rather than a stability failure of the entire structure. However, the formation of instabilities in the form of buckling shapes have a significant impact on the failure behavior of the core geometry.



The numerical analysis shows, that for a tape thickness of 0.26 mm, all configurations already exhibit the second buckling shape at the point of failure (Figure 5). In contrast, the thicker configurations exhibit a deformation behavior similar to configuration T0.78W12 (see Figure 5b), corresponding to their first buckling shape.



The differences in the deformation behavior and buckling shapes of the configurations result in an altered stress state. In Figure 5c,d, the fiber-parallel stresses in the    x 1   -direction of the tape configurations T0.26W12 and T0.78W12 at the point of failure are displayed. The occurring buckling shapes lead to the induction of tensile and compressive stresses in the    x 2   - and    x 1   -directions, which reach their maximum in the buckling center. In addition, the buckling induces the shear stresses    τ  23   ,    τ  31    , and    τ  21    . Since these stresses are very low, they have only a small effect on the failure of the structure.



According to the applied Puck and Cuntze Criteria, the different tape configurations either fail by fiber compression failure or by inter-fiber tension failure (see Table 4).




3.2. Influence of Tape Configuration on Failure Behavior


Fiber compressive failure occurs when the compressive stress in the fiber direction exceeds the fiber-parallel compressive strength of    R ∥   ( − )      = 324 MPa. In case of the configurations, the maximum compressive stress is reached without exception on the surfaces of the inner sides of the buckling centers. The reason for the matrix failure is due to the buckle induced tensile stresses at the surfaces of the buckling centers (see Figure 6a). The applied Cuntze criterion for inter-fiber tensile failure indicates the occurrence of failure at the buckling center, which is due to the low tensile strength transverse to the fiber direction    R ∥   ( + )      = 18.4 MPa of the tapes (Figure 6b).



The tape configurations that have a lower width to height ratio usually fail in the form of fiber compression failure instead of inter-fiber tensile failure due to the generation of lower    σ 2    normal stresses across the width. To display this effect, the    σ 2   -normal stresses for the three configurations T0.26W12, T0.26W9, and T0.26W6 at the point of failure were compared (Figure 7).



When looking at the failure modes (see Table 4), it is noticeable that the configuration with the thickness of 0.52 mm fails for all three widths due to inter-fiber tensile failure. In contrast, the thicker and thinner configurations fail only in the widest configuration due to inter-fiber tensile failure caused by different buckling shapes. To illustrate the correlation, Figure 8 shows the variation of the stresses    σ 2    versus the applied normalized displacement in the    x 1   -direction, for three configurations of the same tape width. It is clear that as the tape width decreases, the increase in stress becomes more progressive.



However, in configuration T0.26W9, the formation of the second buckling shape leads to a flattened linear increase in stress. Thus, the T0.52W9 configuration fails at deformation of 0.13% and utilizes only a compression strength of 75% in the fiber direction, while the T0.26W9 configuration does not fail at a lower deformation but achieves a deformation of 0.2% exploiting the full strength in the fiber direction. Therefore, without the occurrence of the second buckling shape, the thin tape configurations would already fail at a lower stress due to inter-fiber tensile failure.




3.3. Resulting Properties of the Composite Core Structure


Depending on the chosen tape thickness and the tape width the maximum compressive strengths and area densities of the composite honeycomb core structure resulted (Figure 9). It can be observed that the thickest and widest configuration shows a 900% increase in the compressive strength of the structure with a 153% increase in weight compared to the thinnest and narrowest configuration. In most cases, the increase in compressive strength relative to the weight increase was nearly linear and two exceptions were the configurations T0.52W9 and T0.52W12. In contrast to the other tape configurations, these two configurations fail comparatively early due to inter-fiber failure. The advantages of the CFRP in the form of high fiber-parallel strengths are consequently not exploited by the configurations.



In general, configurations where the fiber strengths are not utilized to a high degree and premature matrix fracture occurs should not be considered. The development of the buckling shapes is not critical, as long as this does not lead to an excessive increase in stresses transverse to the fiber direction. The buckling shapes (here the second buckling shape) can even have a positive, stiffening effect that prevents inter-fiber fracture.



To prevent an excessive increase in stresses transverse to the fiber, various measures can be taken, including increasing the tape thickness as well as the adjustment of the fiber layout and matrix material. The resulting effects of these structural adjustments on the acoustic performance of the liner must be considered and investigated.





4. Conclusions


A finite element analysis of the deformation behavior of hybrid honeycomb core structure under axial compression in the core thickness direction primarily showed a fiber compression failure according to the Puck and Cuntze criteria. The resulting strengths were similar to the results of the linear buckling analysis of the core and depend on the chosen cross-sectional dimensions of the fiber-reinforced structure. The mechanical response to compression of the core structures showed a failure behavior attributed to material failure at the micro and meso levels rather than stability failure of the entire structure. The variation of the tape width and thickness affected the failure behavior and resulting compression strength of the support structure. In this context, some of these tape configurations lead to the unfavorable occurrence of inter-fiber failure without exploiting the mechanical properties in the fiber direction. An optimized tape configuration offers the potential for the consideration of function integrative acoustic liners in future design processes.
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Figure 1. (a) Conventional Helmholtz resonator liner with perforated upper layer (1), cell core (2), and bottom layer (3), (b) new concept of a hybrid acoustic liner with fiber-reinforced tape (4) and flexible cell wall (5) and (c) detail of the hybrid cell core structure. 
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Figure 2. (a) Selection of unit cell for buckling analysis, (b) unit cell with applied loads and boundary conditions. 
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Figure 3. Effect of geometric imperfection on stress/strain behavior of the structure using different scaling factors    f s    for the first buckling mode. 
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Figure 4. Stress-strain curves of the tape configurations with theoretical structural response. 
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Figure 5. Total deformation of the unit cell of the configurations (a) T0.26W12 and (b) T0.78W12 and the stress state (   x 1   -direction) of the tape at the point of failure of the configurations (c) T0.26W12 and (d) T0.78W12 at a deformation-scaling factor of 6.0. 
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Figure 6. (a) Plot of the distribution of    σ 2    stresses of the tape configuration T0.56W12 and (b) the inter-fiber tensile failure mode (IFF1) for all elements of the tape at the point of failure. 
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Figure 7. Comparison of the normal stress    σ 2    distribution of the three tape widths (a) 12 mm, (b) 9 mm and (c) 6 mm with a tape thickness of 0.26 mm at the point of failure. 
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Figure 8. Stresses transverse to fiber direction vs. normalized displacement in    x 1   -direction of the unit cell. 
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Figure 9. Comparison of calculated composite failure of the nonlinear analysis and the critical buckling load of the linear analysis over the normalized area density. 
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Table 1. Design variants of new acoustic liners.
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	Square
	Square
	Square
	Hexagonal
	Hexagonal





	Cell structure
	 [image: Jcs 05 00116 i001]
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	Sketch of core
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Table 2. Analyzed tape configurations and the corresponding geometric dimensions.
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    Tape   Width    w t    [ mm ]    




	

	

	
12

	
9

	
6






	
  Tape   thickness    t t    [mm]

	
0.78
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0.52
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0.26
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Table 3. Material properties of investigated components [34] (p. 202), [35].
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	Property 1
	Symbol
	Unit
	Quantity





	Thermoplastic Polyurethane
	
	
	



	Young’s modulus
	  E  
	MPa
	1647



	Poisson ratio
	  υ  
	-
	0.4078



	Density
	  ρ  
	g/cm³
	1.178



	Tensile Strength
	  R  
	MPa
	48.84



	Carbon fiber reinforced polyamide 6
	
	
	



	Youngs modulus in  ∥ 
	    E ∥    
	MPa
	103,400



	Youngs modulus  ⊥ 
	    E ⊥    
	MPa
	3600



	Poisson ratio  ∥ / ⊥ 
	    υ  ∥ ⊥     
	-
	0.29



	Poisson ratio  ⊥ / ⊥ 
	    υ  ⊥ ⊥     
	-
	0.37



	Shear modulus  ∥ / ⊥ 
	    G  ∥ ⊥     
	MPa
	1810



	Shear modulus matrix
	    G  ⊥ ⊥     
	MPa
	1193



	Tensile strength  ∥ 
	    R ∥   ( + )      
	MPa
	1637



	Tensile strength ⊥
	    R ⊥   ( + )      
	MPa
	18.4



	Compression strength  ∥ 
	    R ∥   ( − )      
	MPa
	324



	Compression strength  ⊥ 
	    R ⊥   ( − )      
	MPa
	91



	Shear strength  ∥ / ⊥ 
	    R  ∥ ⊥     
	MPa
	36.6



	Shear strength ⊥/⊥
	    R  ⊥ / ⊥     
	MPa
	19.5



	Density
	  ρ  
	g/cm³
	1.450







1 In fiber direction (‖) and perpendicular to the fiber direction (⊥).
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Table 4. Mode effort of the relevant failure criteria according to Puck and Cuntze as well as the corresponding structural stress and structural strain in the    x 1   -direction for the different tape configurations at the point of failure.
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Tape thickness [mm]

	
0.78

	
0.52

	
0.26




	
Tape width [mm]

	
12

	
9

	
6

	
12

	
9

	
6

	
12

	
9

	
6




	
Puck




	
Fiber compression failure [-]

	
0.99

	
1.00

	
1.00

	
0.73

	
0.75

	
0.98

	
0.95

	
1.00

	
1.00




	
Inter-fiber tensile failure [-]

	
1.00

	
0.94

	
0.50

	
1.00

	
1.00

	
1.00

	
1.00

	
0.96

	
0.95




	
Inter-fiber compression failure [-]

	
0.26

	
0.22

	
0.14

	
0.25

	
0.21

	
0.19

	
0.38

	
0.30

	
0.24




	
Cuntze




	
Inter-fiber tensile failure- IFF1 [-]

	
1.00

	
0.94

	
0.50

	
1.00

	
1.00

	
1.00

	
1.00

	
0.96

	
0.95




	
Inter-fiber shear failure- IFF2 [-]

	
0.02

	
0.01

	
0.02

	
0.02

	
0.01

	
0.04

	
0.07

	
0.08

	
0.18




	
Inter-fiber compression failure- IFF3 [-]

	
0.19

	
0.17

	
0.09

	
0.17

	
0.16

	
0.07

	
0.11

	
0.11

	
0.11




	
   σ 1    [N/mm2]

	
4.64

	
2.96

	
1.55

	
1.98

	
1.32

	
0.79

	
1.07

	
0.6

	
0.36




	
   ϵ 1    [%]

	
0.19

	
0.18

	
0.16

	
0.13

	
0.13

	
0.17

	
0.21

	
0.20

	
0.22
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