Manufacturing Technique and Property Evaluations of Sandwich-Structured Nonwoven Composites
Ching-Wen Lou1, b, Po-Ching Lu2, Ying-Huei Shih2, Hsuan-Mao Yeh2 and Jia-Horng Lin2, 3, 4, a 
1Institute of Biomedical Engineering and Materials Science, Central Taiwan University of Science and Technology, Taichung 40601, Taiwan, R.O.C.
[bookmark: _GoBack]2Laboratory of Fiber Application and Manufacturing, Department of Fiber and Composite Materials, Feng Chia University, Taichung City 40724, Taiwan, R.O.C.
3School of Chinese Medicine, China Medical University, Taichung 40402, Taiwan, R.O.C.
4Department of Fashion Design, Asia University, Taichung 41354, Taiwan, R.O.C. 
ajhlin@fcu.edu.tw, b cwlou@ctust.edu.tw, 
Keywords: Kevlar, punch resistance strength, sandwich-structured nonwoven composites
Abstract. This study aims to examine the thickness of a sandwich structure and the lamination number of the Kevlar nonwoven fabrics o n the punch resistance strength and impact resistance strength of the nonwoven composites. Kevlar nonwoven fabrics and Nylon/low-melting-point polyethylene terephthalate (LPET) nonwoven fabrics are laminated with various combinations to form sandwich-structured nonwoven composites. The experiment results show that an increasing number of Kevlar nonwoven fabrics results in low dynamic and constant rate puncture resistance but high impact strength; and conversely, an increasing thickness of sandwich-structured nonwoven composites causes high dynamic and constant rate puncture resistances but low impact strength. 
Introduction
The problem of waste is a critical issue to the economy and environment [1], which makes recycling and reclamation of waste important [2]. Textile plants produce a considerable amount of waste, including fibers, fabrics, and selvage. Therefore, to recycle and reprocess waste into products can not only decrease its damage on the environment, but also provide it with reprocessed value [3-5]. Kevlar is an aramid fiber created by Du Pont, and is polymerized with terephthalic acid and phenylenediamine monomer at a low temperature. Possessing high strength, high module, low thermal conductivity, and high chemical stability [6-7], The aim of this study is to examine the puncture resistance of sandwich-structured composite nonwoven fabrics, which are composed of Kevlar composite fabric and Nylon/LPET fabrics. The thickness of the sandwich-structured nonwoven composite and the lamination number of the Kevlar nonwoven fabric are varied in order to analyze their influence on the puncture resistance and impact strength of the resulting nonwoven composite.  
Experimental
Materials
Nylon 6 fiber (Ten Pow Chemical Industry Co., Ltd., Taiwan, R.O.C.) is 6 D (fineness) and 64 mm long. LPET fiber (Far Eastern New Century Corporation, Taiwan, R.O. C.) has a fineness of 4D, a length of 51 mm, and a skin melting point of 110 ˚C. Kevlar woven selvages are purchased from Formosa Taffeta Co., Ltd, Taiwan, R.O.C.
Experimental Procedure
Preparation of Kevlar Composite Fabrics 
The hanks of Kevlar woven selvage are removed to yield Kevlar fibers of 3.8 - 4.3 mm. Kevlar fibers, LPET fibers, and polyester fibers are blended with a 20-50-30 ratio, and then undergo opening, mixing, carding, laying, and needle-punching to form Kevlar composite fabrics with a weight of 300 g/m2 and a thickness of 0.3 mm,  (hereafter, K fabric). 
Preparation of Sandwich-Structured Nonwoven Composite 
Nylon 6 fibers and LPET fibers are mixed at 1:1, and undergo opening, mixing, carding, laying, and needle-punching to form Nylon/LPET composite nonwoven fabrics with a weight of 300 g/m2 and a thickness of 0.4 mm, (hereafter, N/L fabric). Two pieces of K fabrics enclose N/L fabric to form sandwich-structured nonwoven composites, which are composed of a total of 9 layers of various K fabrics and N/L fabrics with a K-N/L-K arrangements of 0:9:0 (i.e., the control group of pure N/L nonwoven composites), 1:7:1, and 2:5:2. Different combinations of samples are then placed into molds of 30 cm × 30 cm × 3 cm and 30 cm × 30 cm × 1 cm, respectively, and then thermally treated at 170 °C for 30 minutes. Such a temperature can melt the skin of the LPET fibers, the result of which further bonds the layers of nonwoven fabrics to form a sandwich structure as seen in Figure 1. 
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Figure 1. Images of sandwich-structured nonwoven composites, featuring a) and b) 1 layer of K fabric and c) and d) 2 layers of K fabric as the top and bottom layer of the sandwich structure. The thickness for a) and c) is 1 cm and that for b) and d) is 3 cm. 
Tests 
Dynamic Puncture Resistance Sandwich-structured nonwoven composites measuring 100 mm × 100 mm are placed between the fixtures with a 60-mm diameter hole in the center. The back end of the drop weight is attached to a load cell, which detects the puncture strength. The distance between the drop weight and samples is 28 cm and the probe drops for the test. The number of samples of each specification is 10. Constant Rate Puncture Resistance Ten samples of each specification have a size of 100 mm × 100 mm. An Instron 5566 (US) at a specified speed of 508 mm/min measures the punch resistance of the samples Impact Strength Sandwich-structured nonwoven composites have a size of 100 mm×100 mm. Samples are placed between fixtures with a 60 mm hole in the center. A conical drop weight of 10-mm diameter drops from the height that is 24 cm above the sample at a strength of 18000 N. Beneath the samples is a load cell, which detects the strength that through the samples, and the strength the samples absorb is calculated. The number of the samples is 10.
Results and Discussion
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Figure 2. Dynamic puncture resistance of sandwich-structured nonwoven composites as related to various lamination numbers of K fabric as the top and the bottom layers of the sandwich.
Factors that influence the puncture resistance of nonwoven fabrics include fiber length, fineness, friction, and type, as well as fabric density, porosity, and thickness. Figure 2 shows that a greater lamination number of K fabric decreases the dynamic puncture resistance of the sandwich-structured nonwoven composites. K fabric has a greater strength than N/L fabric; however, the thickness of K fabric is lower. A greater amount of K fabric results in a lower density of the sandwich-structured nonwoven composites. In addition, Kevlar fiber has a greater length and greater weight than Nylon 6 fibers, namely with the same total weight, K fabric exhibits a higher porosity than N/L fabric. When a sandwich possesses a higher porosity, its constituent fibers slide more easily, which causes the friction between fibers and needles to decrease, and thus a decrease in dynamic puncture resistance results. 
Figure 3. Dynamic puncture resistance of sandwich-structured nonwoven composites as related to various thicknesses of the sandwich.
Figure 4. Constant rate puncture resistance of sandwich-structured nonwoven composites as related to various lamination numbers of K fabric as the top and the bottom layers of the sandwich.

Figure 3 shows that dynamic puncture resistance increases as a result of a decrease in the thickness of the sandwich. Such a result is ascribed to the fact that the density of the sandwich-structured nonwoven fabric increases with the decreased thickness, and thus provides the nonwoven fabric with a more compact structure. A compact structure prevents the fibers from sliding, which in turn increases the friction between the needles and nonwoven composites, and eventually fortifies the puncture resistance.
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Figure 5. Constant rate puncture resistance of sandwich-structured nonwoven composites as related to various thicknesses of the sandwich.
Figures 4 and 5 show that the constant rate puncture resistance of the sandwich-structured nonwoven composites has the same trend as that of dynamic puncture resistance shown in Figures 2 and 3. The greater lamination numbers of K fabric and the greater thickness of the sandwich, the lower the constant rate puncture resistance. However, the level of constant rate puncture resistance is higher than that of dynamic puncture resistance. Such a result is because the needle used in the constant rate puncture test has a greater fineness, which makes the friction between needle and fibers of the nonwoven composites difficult. 
The fabrics made with a higher density can absorb greater impact strength when struck with impact strength. With the same weight, fabrics that have a greater thickness can react by a greater displacement corresponding to the impact, thus absorbing greater impact strength. In addition, the degree of fiber interlock increases as the length of the fibers increases, with the force exerted by the impact being transmitted by the fibers to one another, thus allowing the nonwoven composites to absorb a greater amount of energy. Moreover, fibers that have greater strength can also absorb or resist a greater amount of impact strength
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Figure 6. Impact strength of sandwich-structured nonwoven composites as related to various lamination numbers of K fabric as the top and the bottom layers of the sandwich. 
Figures 6 and 7 show that a greater lamination number of K fabric results in a higher thickness of the sandwich-structured nonwoven composites, and as a result they can bear greater impact strength. Such results are due to the length and strength of Kevlar fibers, which are greater than that of nylon fibers, and therefore, they are capable of resisting greater impact strength. Additionally, a higher lamination number of K fabric also provides the nonwoven composites with a greater thickness, which in turn enables the nonwoven fabrics to absorb greater impact strength via an increased displacement of fibers.
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Figure 7. Impact strength of sandwich-structured nonwoven composites as related to various thicknesses of the sandwich.
Conclusion 
This study successfully examines the lamination number of K fabrics and the thickness of the sandwich structure on the puncture resistance and impact strength of the sandwich-structured nonwoven composites. With one layer of K fabric as the top and the bottom layer of the sandwich, the resulting nonwoven composites exhibit a 25 % decrease in their dynamic puncture resistance, a 29.6 % decrease in their constant rate puncture resistance, but a 23.8 % increase in their impact strength. With two layers of K fabrics as the top and the bottom layer of the sandwich, the resulting nonwoven composites exhibit a 30 % decrease in their dynamic puncture resistance, a 37.7 % decrease in their constant rate puncture resistance, but a 21.8 % increase in their impact strength. 
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