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ABSTRACT 

In this study, the extrusion of flexible composites with elastomeric matrix and endless crimped fibers 

was investigated. Flexible composites made of elastomeric matrix and wavy fibers combine high 

strength and high elongation. These materials show a J-shaped stress-strain curve that allows high 

flexibility but with an elongation limitation and a stiffening of the composite that occurs when the fibers 

become straightened. This mechanical behavior is common in biomaterials such as skin or tendons. Aim 

of this study was to get such composite parts via standard thermoplastic extrusion process.  

 

1 INTRODUCTION 

Flexible composites consist of elastomeric matrix and reinforcement elements with the effect of a 

much higher deformation range then conventional composites with a thermosetting or thermoplastic 

matrix [1]. Tires, hoses and conveyor belts are typical examples for established flexible composites. 

These flexible composites allow large deflection but no large expansion. To reach flexible composites, 

that allow also large expansion, Chou and Takahashi [2] proposed the use of ether short fibers or fibers 

in wavy pattern. Such composites made of elastomeric matrix and wavy fibers show a J-shaped stress-

strain relationship. Under low loading, these composites show high elongation and low stiffness. With 

increased loading, the composite stiffens and high strength could be reached. Chou et al. [1-3] 

recommended laminates of wavy fibers and elastomeric matrix and presented mathematical models to 

calculate the nonlinear elastic behavior of such laminates. Monleon Pradas and Diaz Calleja [4, 5] 

suggested sinusoidal fiber reinforced elastomers for reproduction of some mechanical features of 

tendons and ligaments which show J-shaped stress-strain functions [6]. Iannace and Ambrosio [7, 8] 

proposed elastomer hoses reinforced with helically shaped fibers as artificial tendons. Some research 

was done on laminates from elastomeric matrix and knitted fabrics by Huang and Ramakrishna [9, 10] 

and Bekisli and Nied [11]. Recently Jang et al. [12] presented a flexible composite sheet from elastomer 

reinforced with networks of wavy fibers with similar mechanical properties than human epidermis. So 

far, not much effort was done to develop industrial processes for the fabrication of flexible composites 

with wavy fiber reinforcement. Aim of this research was to investigate options to manufacture crimped 

fiber reinforced elastomers via standard extrusion process.  

2 MATERIALS AND METHODS 

As matrix material a transparent thermoplastic elastomer (THERMOLAST® K TF5THT, 

KRAIBURG TPE GmbH & Co. KG, Waldkraiburg, Germany) with a hardness of 47 Shore A, tensile 

strength of 5.5 MPa and an elongation at break of 600 % was used. The reinforcing fiber was a high 

modulus p-aramid fiber roving (Twaron® 2200, linear density 8050 dtex (5000 filaments), Teijin 

Aramid, Arnhem, NL) with a tensile modulus of 99 GPa and a breaking strength of 2930 MPa that was 

crimped in a previous step. The fibers were crimped through a heat-setting process. The fiber roving 
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was winded on a steel mandrel of 1 mm in diameter and then heat-set in a tube furnace (Gero RO 50-

250/12, Carbolite Gero GmbH & Co. KG, Neuhausen, Germany) at a temperature of 220 °C and a 

holding time of 10 minutes. A sleeve-die (Figure 1) and a single screw extruder (Teach-Line® E 20 T, 

screw diameter 20 mm, Dr. Collin GmbH, Ebersberg, Germany) was used to join and mold matrix and 

fiber. The resulting strands had a circular cross section with a diameter of 4 mm. To compare specimens 

with crimped and straight fibers as well as specimens of pure thermoplastic elastomer matrix the 

prepared fiber rovings consisted of a few meters of uncrimped fiber roving and a few meters of crimped 

fiber roving. After this roving passed through the process was continued for a while to obtain 

unreinforced specimens. The extruded strands were cut into specimens with a length of 300 mm. 

 

Figure 1: Sleeve-die to extrude crimped fiber reinforced strands. 

To determine the mechanical properties tensile testing was performed (Zwick/Roell Z2.5, Zwick 

GmbH & Co. KG, Ulm, Germany). The clamping length was 100 mm and the test speed 50 mm/min. 

The stress-strain curves as well as the maximum reached forces and elongations were evaluated.  

3 RESULTS 

Extruded specimens of straight reinforced, crimped reinforced and unreinforced thermoplastic 

elastomer composites are shown in Figure 2. The resulting crimp ratio (difference of uncrimped fiber 

length (l1) and crimped fiber length (l2) divided by the uncrimped fiber length; (l1-l2)/l1) in the 

composite strands was not that high as expected. During the extrusion process the crimped fiber roving 

became stretched somewhat so that only a low crimp ratio remained from the initial crimp of the fiber 

roving. 

Figure 3 shows the mechanical behavior of the crimped and straight fiber reinforced specimens as 

well as the unreinforced specimens. Both reinforced composites show an enhanced strength in 

comparison to the unreinforced material. A slight J-shape of the composites stress-strain relationship is 

identifiable, but for both, the straight and crimped reinforced ones, although a little more pronounced 

by the crimped reinforced strands. The straight fiber reinforced specimens are overall a little stiffer than 

the crimped fiber reinforced ones. A comparison of the onset points showed a 60 % higher elongation 

capability of the crimped fiber reinforced specimens then the straight fiber reinforced ones (Figure 4) 

The crimped fiber reinforced specimens show a significant higher strength and elongation than the 

straight fiber reinforced specimens (Figure 5).  
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Figure 2: Extruded strands. a) Straight fiber reinforced composite strand. b) Crimped fiber reinforced 

composite strand. c) Unreinforced thermoplastic elastomer matrix strand. 

 

Figure 3: Tensile properties of crimped fiber reinforced thermoplastic elastomer compared to straight 

fiber reinforced thermoplastic elastomer and the pure thermoplastic elastomer matrix. Averaged curves 

with standard deviation  
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Figure 4: Onset-points of the slightly J-shaped stress-strain curves 

 

Figure 5: Comparison of maximum force and elongation of the composite specimens 
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4 DISCUSSION 

The stress-strain curve of the crimped fiber reinforced strands showed not a distinct characteristic J-

shape due to a too low resulting crimp ratio of the fiber in the composite. It is supposed, that the 

stretching of the crimped fiber roving in the process resulted from a matrix backflow into the fiber feed. 

However, the crimped fiber reinforced composite was significant softer with increased strength and 

elongation compared to the straight fiber reinforced composite. In the tensile tests, the failure of the 

specimens was always a failure in the fiber-matrix interface. The fiber roving was pulled out the matrix 

at the clamping point, without a fiber or matrix break. This leads to the assumption, that the composites 

strength could be enhanced by improving the fiber-matrix adhesion through suitable bonding agents or 

other methods for adhesion improvement, like plasma treatment. 

5 CONCLUSION 

It is to state, that thus far the crimped fiber reinforced composite strands could not be fabricated with 

a wanted distinct J-shape of the stress-strain curves. It is presumed that a higher resulting crimp ratio of 

the fiber in the composite and therefore a more distinct J-shape could be reached through a geometrical 

optimization of the sleeve-die (to prevent melt backflow), an optimization of the extrusion parameters 

(melt temperature, screw speed, haul-off speed), an improvement of the initial crimp of the fiber roving 

or an adjustment of the matrix viscosity.  

Furthermore, it needs to be investigated how the adhesion between fiber and matrix can be improved 

to enhance the composites strength.  
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