Evaluation of static impact resistance in nonwovens/glass plain fabric sandwich structural hybrid laminates
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Abstract. This paper reveals the manufacturing process and static impact resistance of sandwich structural hybrid laminates composed of high-resilience bonding polyester /Kevlar intra-ply hybrid nonwovens and E-glass woven fabric. The effects of various weight ratio of Kevlar fiber on the mechanical behaviors, including tensile strength, tear strength, bursting strength and puncture strength, were evaluated. The experimental results indicated that the tensile strength and fracture work were both enhanced with the increase in Kevlar content. The tear strength on CD and MD exhibited opposite trends when varying the Kevlar content. The static bursting and puncture resistances were both enhanced with the promotion of Kevlar content. The failure mechanisms of the breakages were also analyzed.
Introduction
Hybrid laminates, which are composed of fabric layers with various properties, are widely used for many applications. Hybrid laminates take advantages of every layer and are arranged with different structure to acquire specific final properties. Two main types of hybrid structures are intra-ply hybrid and inter-ply hybrid. Intra-ply hybrid structure is defined as blending different kinds of fiber in a same layer while inter-ply hybrid is a stack with different layers. The commonly utilized fabric types are woven, knitted, nonwoven and unidirectional fabrics. Previous researches focused on the mechanical properties, including basic tensile properties and impact properties, of laminates fabricated with different materials and structures [[endnoteRef:1],[endnoteRef:2]], most of which are hard composites. The static impact behaviors are rarely investigated [[endnoteRef:3]]. [1:  G. Dorey, G.R. Sidey: Compos. Vol. 9(1978), p. 25.]  [2:  Y.S. Lee, K.H. Kang and O. Park: Comput. Struct. Vol. 65(1997), p.965.]  [3:  M. V. Hosur, M. Adbullah and S. Jeelani: Compos. Struct. Vol. 67 (2005), p.253.] 

In this study, static impact behaviors of hybrid laminates made of double layers of HRBP/Kevlar nonwoven fabrics reinforced with glass plain fabric were investigated using constant-rate-of-extension testing equipment. Nonwovens with five different fiber blending ratios were prepared to explore the effects on the impact behavior. The laminates were incorporated by needle punching and thermal bonding. Tensile strength, tear strength, bursting strength and puncture strength of the hybrid laminates will be discussed in this paper. 
Experimental
Materials 
Biocomponent high-resilience bonding polyester (HRBP) staple fibers was supplied from Far Eastern Textile Ltd., Taiwan. It had sheath-core structure that common polyester covered low-melting point polyester which melted at 170 °C. Recycled Kevlar staple fibers were unidirectional selvages that supported by DuPont Company. KN2600N1 glass plain woven fabric composed of 1100D filaments was purchased from Jinsor-Tech Industrial Corp., Taiwan. The areal density was 328 g/m2 and warp and weft densities were 34 ends and 26 picks per inch, respectively.
Fabrication
Recycled Kevlar and HRBP staple fibers were used to manufacture the intra-ply hybrid nonwovens through opening, blending, carding, lapping and needle punching. Glass woven fabric was placed between two hybrid nonwovens, which then incorporated to form compound laminates by needle punching at a frequency of 100shocks/min. Nonwovens containing Kevlar fibers of the weight blending ratio varying from 0% to 20% are manufactured and investigated the effects of various blending ratios on the mechanical properties and static impact resistance of the final laminates. 
Table 1. The sample codes and descriptions.
	Sample Code
	Laminates Architecture 
	Areal Density (g/cm2)

	100:0
	Double 100%HRBP/0%Kevlar nonwovens  with a glass fabric interlayer
	685.00

	95:5
	Double 95%HRBP/5 % Kevlar nonwovens  with a glass fabric interlayer
	685.50

	90:10
	Double 90%HRBP/10%Kevlar nonwovens  with a glass fabric interlayer
	680.30

	85:15
	Double 85%HRBP/15%Kevlar nonwovens  with a glass fabric interlayer
	685.11

	80:20
	Double 80%HRBP/20%Kevlar nonwovens  with a glass fabric interlayer
	683.44


Testing
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Tensile strength. The samples of hybrid laminates were trimmed into 25.4×180mm (width×length) for tensile strength testing which was conducted based on ASTM D5035. The test was performed by a Universal testing machine (Instron 5566) running at 300±10 mm/min. A sample was clamped with a gauge length of approximately 75mm. The strength values of cross machine direction (CD)and machine direction (MD) were both measured.
Tear strength. The tear strength was performed by Instron 5566 runningat 300 mm/min  according to ASTM D5587. A specimen with the dimension of 75×150mm was fixed on the clamps with a 25mm-long spacing. A 15mm-long slot on width-side contributed to the tearing at the beginning. The tear strength of CD and MD were recorded.
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]Bursting strength. The hybrid laminates were trimmed into 125mm squares to estimate the bursting property depending on ASTM D3787. The specimen was fixed between a pair of clamps on Instron 5566 with concentric 40mm-diameter apertures. A hemispherical-nose impactor moved down at a constant speed of 100mm/min and the maximum value during the impact was recorded.
Puncture resistance. Puncture tests were conducted according to ASTM F1342. A specimen which was regulated at 100×100mm2 was located between the fixtures and being punctured by a probe at a speed of 508mm/min through the 20mm-diameter apertures.
Results and discussion
[bookmark: OLE_LINK1]Tensile properties 
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK31]The typical tensile curve of nonwoven/glass plain fabric hybrid laminates, as shown in Figure 1, exhibits four distinct regions: Linear elastic, peak load, plateau and failure and two peak tensile strengths exhibits in peak load and plateau regions.  In linear elastic region (Zone 1), interlaced yarns in plain woven fabric and random arranged fibers in nonwoven fabrics are straightened and fastened by the tensile force. Afterwards, high-tenacity and low extension glass fibers reach the maximum strength and failure rapidly in Zone 2. Then, thermal bonded fibers in nonwoven fabrics rupture and slip with each other and the tensile strength of the laminate steadily reach the second peak. In Zone 4, residual fibers are extracted from contiguous two parts of the laminate until being totally separated finally. 
[bookmark: OLE_LINK2]Figure 2 delineates the tensile strength verses displacement response of hybrid laminates with various fiber blending ratios. The tensile strength response apparently exhibited two peaks which was located at Zone 2 and Zone 3, respectively. The first peak of the hybrid laminates with HRBP/Kevlar blending ratio of 100:0 expressed the maximum value. The first peak values decreased with the increase in Kevlar weight ratio because HRBP fibers were bonded by thermal bonding points and fracture at the same time that subjected to the tensile force simultaneously with glass fabric and reinforced the tensile modulus of the laminates. On contrast, more Kevlar fibers had high elongation at break and delayed the breakage time. In plateau period, the second peak appeared as the Kevlar fibers fractured and residual fibers slipped, which was enhanced with the increase in Kevlar content. The second peak performed 533.13N in the hybrid laminates of HRBP/Kevlar blending ratio of 80:20, which was even higher than the first peak. Therefore, the dominant factors influencing the tensile strength are elongation and modulus for initially and ultimate strength for subsequently. 
      Zone 1  Zone 2         Zone 3                                        Zone 4
       Displacement (mm)
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Figure 1. Tensile strength verses displacement response of hybrid laminates.
Load (N)
Figure 2. Tensile strength verses displacement response of hybrid laminates with various fiber blending ratios.

Figure 3 illustrates the maximum tensile strength and fracture work of hybrid laminates as related to various fiber blending ratios. The tensile strength on MD was generally low than that of CD due to the high fiber orientation degree on CD direction which sustain higher load. The fracture work, which is defined as energy absorption, decreased from 10.85J to 6.02J with the Kevlar content increasing from 0% to 20%. 
Tear properties
Figure 4 demonstrates the tear properties of hybrid laminates as related to various HRBP/Kevlar blending ratios. The tear strength on CD exhibited an opposite tendency to that on MD which was that the tensile strength on CD increased with the increase in Kevlar blending ratio whereas MD decreased. The reason was that the orientation on CD had higher degree than on MD. The tear strength on CD increased with Kevlar content for its high tenacity while the strength decreased on MD due to the reduction of thermal bonding points. 
Bursting properties
Figure 5 shows the bursting strength of hybrid laminates as related to various fiber blending ratios. The failure mechanism of the hybrid laminates included fracture of glass fiber and staple fibers, deformation of fibers, breakage of thermal bonding points, and slippage between fibers. The bursting strength increased initially with the increase in weight ratio of Kevlar because the anti-shearing Kevlar fiber reinforced the shear resistance and strength of the laminates. For HRBP/Kevlar at 85:15 and 80:20, the peak load stopped rising due to the reduction of thermal-bonding points. 100:0 and 85:15 exhibited the highest and lowest bursting strength for 487 N and 605N, respectively.

Puncture resistance
Figure 6 shows the puncture resistance behavior of hybrid laminates as related to various fiber blending ratios. It exhibited a similar tendency to the bursting strength. The failure mechanism of puncture were mainly breakage of fibers, instead of elongation and slippage. The puncture resistance was enhanced with the improvement of weight ratio of Kevlar fiber because of the high shear resistance of Kevlar fibers.
Figure 3. Tensile strength of hybrid laminates as related to various fiber blending ratios
Figure 4. Tear strength of hybrid laminates as related to various fiber blending ratios

Figure 5. Bursting strength of hybrid laminates as related to various fiber blending ratios.
Figure 6. Puncture strength of hybrid laminates as related to various fiber blending ratios.

Conclusion
In this study, the hybrid laminates made of HRBP/Kevlar blending nonwovens and E-glass woven fabric was manufactured and the effects of various fiber blending ratios on mechanical properties, including tensile, tear, bursting and puncture behaviors were investigated. The mechanisms of the mechanical failure were proposed. The experimental results reveal that the tensile strength of hybrid laminates increased with the increase in Kevlar content and the properties on MD were inferior to CD. The tear strength of CD and MD exhibited opposite trend with the variation Kevlar content. Bursting and puncture resistances were both enhanced with the increase in Kevlar ratio.
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