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Abstract 
[bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK36][bookmark: OLE_LINK37]This study prepared inter/intra-ply hybrid composites reinforced with sandwich-structure recycled Kevlar nonwoven/glass woven compound fabric. Negative-depth needle punching and thermal bonding were applied to strengthen the structure with two compound cover plies and a fluffy cushioning center ply. The effects of center ply areal density, needle punching depth, and fiber blending ratio on the static and dynamic impact resistance behaviors of the composites were investigated. The results indicated that areal density significantly influenced the static and dynamic impact behaviors, which were both enhanced by the promotion of thermal-bonding points. As the needle punching deepened, the static and dynamic puncture resistances represented opposite tendencies because of different failure mechanisms. Static friction was the dominant factor for static puncture resistance, whereas kinetic friction was the dominant factor for dynamic puncture resistance. A similar phenomenon was observed when fiber blending ratio was varied. In terms of the non-penetrating dynamic cushioning test, areal density was the most distinct influence factor on cushioning behavior and the hybrid composites sample with an areal density of 700 g/m2 could eliminate up to 66.5% of the incident force. Therefore, the inter/intra-ply hybrid composites showed high impact resistance and excellent dynamic cushioning property.
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1. Introduction

[bookmark: _Ref379738385][bookmark: OLE_LINK33]Textile-reinforced composites are widely used for protection in industries such as architecture, transportation, machinery, and packaging, all of which require specific properties, including light weight, high in-plane stiffness, flexural stiffness, and impact resistance [[endnoteRef:1],[endnoteRef:2]]. Complete preservation is essential to protect objects in various situations, such as precise instrument packaging, inner wall of a special-purpose room, advertisement board, and decorations. Protective layers may be pierced by sharp and jagged edges or squashed by the curved surfaces of objects. Flexural and impact resistance lining that fits the internal wall of an architecture is hence recommended. Low-velocity impact is a common event in the application caused by movement of object with variable velocity motion such as the drop of tools or stones [[endnoteRef:3]]. Quasi-static is considered as strain rate varying from 10−5 to 10−1 s−1 [[endnoteRef:4]].  [1: [] Schubel PM, Luo JJ, Daniel IM. Low velocity impact behavior of composite sandwich panels. Composites: Part A 2005; 36: 1389–96.]  [2: [] Hosseinzadeh R, Shokrieh MM, Lessard L. Damage behavior of fiber reinforced composite plates subjected to drop weight impacts. Compos Sci Technol 2006; 66(1): 61-8.]  [3: [] Karahan M, Gül H, Ivens J, Karahan N. Low velocity impact characteristics of 3D integrated core sandwich composites. Text Res J 2012;82(9):945–62.]  [4: [] Sjoblom PO, Hartness JT, Cordell TM. On low-velocity impact testing of composite materials. J Compos Mater 1988; 22(1): 30–52.] 

[bookmark: OLE_LINK21][bookmark: _Ref379738896][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK84][bookmark: OLE_LINK97]Textile structural composites perform excellent in resisting impact because they can dissipate the impact energy to expanded area and absorb more energy due to their integrality. Researchers have investigated diverse textile structures related to impact resistance [[endnoteRef:5]-][[endnoteRef:6]],[[endnoteRef:7]]. Smith et al. came up with the classical theory of transverse direction impact causing longitudinal strain and transverse waves simultaneously propagated away from the impact point [[endnoteRef:8]]. Roylance et al., however, indicated that kinetic energy is mainly transferred to the primary yarns instead of to whole orthogonal yarns [[endnoteRef:9]]. Flexural and elastic nonwovens are completely deformed by low-velocity impact instead of by local deformation so that nonwovens can dissipate more impact energy. In addition, nonwovens are designable in various structures and are fabricated by various methods according to the combination of absorbing kinetic energy and dampening damage propagation, as well as auxiliary functions such as acoustic absorption and thermal insulation. Lin et al. investigated the effect of the position of the nonwoven fabric in ballistic-resistant composites on impact resistance behavior and found that nonwovens with low tensile strength and high elongation can decrease non-penetrating damage [[endnoteRef:10]]. [5: [] Luo Y, Lv L, Sun B, Qiu Y, Gu B. Transverse impact behavior and energy absorption of three-dimensional orthogonal hybrid woven composites. Compos Struct 2007; 81(2): 202-9.]  [6: [] Baucom JN, Zikry MA. Evolution of Failure Mechanisms in 2D and 3D Woven Composite Systems Under Quasi-Static Perforation. J Compos Mater 2003;37(18):1651–74.]  [7: [] Zahid B, Chen X. Impact evaluation of Kevlar-based angle-interlock woven textile composite structures. J Reinf Plast Comp 2013; Published online 13 March.]  [8: [] Smith JC, McCrackin FL, Schiefer HF. Stress-strain relationships in yarns subjected to rapid impact loading: Part VI: Velocities of Strain Waves Resulting from Impact. Text Res J 1960; 30(10): 752–60.]  [9: [] Roylance D, Wilde A, Tocci G. Ballistic impact of textile structures. Text Res J 1973;43(1):34–41.]  [10: [] Lin CC, Huang CC, Lou CW, Hsieh CT, Lin CM, Chen P, Lin JH. Process and Ballistic-resistant Buffer Effect of Cushion Composite Layer Made of Three-dimensional Crimped Hollow Fiber. J Reinf Plast Comp 2010; 29(11): 1681-7.] 

Industrial textiles based on high-performance fiber can be incorporated in hybrid composites through various reinforcing methods. Depending on the geometry and components, hybrid composites are classified into two basic types: inter-ply hybrid composites, which are combinations of different structural layers; and intra-ply hybrid composites, which blend different fiber types in the same layer. A novel textile structure is defined as textile foam on account of similar performance to microcellular foaming materials such as high porosity and cushioning potential [[endnoteRef:11]]. The present study prepared a fluffy cushioning interlayer for hybrid composites to resist low-velocity impact. [11: [] Kim KY, Doh SJ, Im J N, Jeong WY, An HJ,  Lim DY. Effects of binder fibers and bonding processes on PET hollow fiber nonwovens for automotive cushion materials. Fiber Polym 2013; 14(4): 639-46.] 

[bookmark: OLE_LINK22][bookmark: OLE_LINK207][bookmark: OLE_LINK208][bookmark: OLE_LINK38][bookmark: OLE_LINK41]The static and dynamic puncture resistances of inter-ply [[endnoteRef:12],[endnoteRef:13]] and intra-ply hybrid structural compound fabrics [[endnoteRef:14],[endnoteRef:15]] have been investigated separately, but studies on the correlation properties of inter/intra-ply hybrid composites are infrequent. Non-penetrating impact behavior, such as the cushioning of honeycomb [[endnoteRef:16]] and rigid composites [2,5,[endnoteRef:17]-][[endnoteRef:18]][[endnoteRef:19]], has been studied by previous researchers, but rarely in hybrid composites. [12: [] Mayo Jr JB, Wetzel ED, Hosur MV, Jeelani S. Stab and puncture characterization of thermoplastic-impregnated aramid fabrics. Int J Impact Eng 2009; 36(9): 1095-105.]  [13: [] Shyr TW, Pan YH. Low velocity impact responses of hollow core sandwich laminate and interply hybrid laminate. Compos Struct 2004; 64(2): 189-98.]  [14: [] Dehkordi MT, Nosraty H, Shokrieh MM, Minak G, Ghelli D. Low velocity impact properties of intra-ply hybrid composites based on basalt and nylon woven fabrics. Mater Design 2010; 31(8): 3835-44.]  [15: [] Li TT, Wang R, Lou CW, Lin JH. Static and dynamic puncture behaviors of compound fabrics with recycled high-performance Kevlar fibers. Composites: Part B 2014; 59: 60–6.]  [16: [] Baral N, Cartié DDR, Partridge IK, Baley C, Davies P. Improved impact performance of marine sandwich panels using through-thickness reinforcement: Experimental results. Composites Part B: Engineering. 2010;41:117–23.]  [17: [] Hosur MV, Abdullah M, Jeelani S. Manufacturing and low-velocity impact characterization of hollow integrated core sandwich composites with hybrid face sheets. Compos Struct 2004; 65(1): 103–15.]  [18: [] Aslan Z, Karakuzu R, Okutan B. The response of laminated composite plates under low-velocity impact loading. Compos Struct 2003; 59(1): 119-27.]  [19: [] Cheon SS, Lim TS, Lee DG. Impact energy absorption characteristics of glass fiber hybrid composites. Compos Struct 1999; 46(3): 267-78.] 

To estimate the design of hybrid composites and avoid damage by static and dynamic impact, sandwich-structure compound cover plies reinforced high-resilience thermal-bonding nonwovens were used to fabricate inter/intra-ply hybrid composites. The needle punching technique with negative punching depths was applied to strengthen the whole structure and obtain a fluffy, porous center ply. Depending on the thermal treatment process, biocomponent polyester fibers with low-melting point are bonded together and reinforced the laminates to acquire high performance in cushioning and impact resistance. This study investigated the static and low-velocity impact behaviors of high-resilience thermal-bonding inter/intra-ply hybrid composites with various areal densities, needle punching depths, and fiber blending ratios. The failure mechanisms of penetrated static bursting and puncture, dynamic puncture, and non-penetrating dynamic cushioning test were analyzed.
2. Experimental 

2.1. Materials

[bookmark: OLE_LINK44][bookmark: OLE_LINK45]Poly (p-phenyleneterephthalamide) staple fibers were recycled selvages obtained from Kevlar unidirectional fabric (DuPont Company, USA) containing 2820 Denier (D) K129, 1000 D K29, and 2160 D K49 multifilaments. Three-dimensional (3D) crimp hollow polyester (CHP) fiber (Far Eastern Textile Ltd., Taiwan) had a 7D fineness and a 20% crimp degree. The sheath–core structure high-resilience bonding polyester (HRBP) had a fineness of 4D (Far Eastern). It is biocomponent with a common polyester core and a low-melting point sheath of 170 °C. An E-glass plain-woven fabric interlaced by 1100 D glass filaments had 34 ends and 26 picks per inch and an areal density of 328 g/m2.

2.2. Composite fabrication

[bookmark: OLE_LINK23]The hybrid composite is composed of two intra-ply hybrid compound fabric coverings and a nonwoven cushioning layer. HRBP/Kevlar blending nonwoven fabric with an areal density of 150 g/m2 was manufactured by needle punching. Blending ratio of the fabric by weight is 85:15, which is identical in every sample in this study. A layer of glass plain fabric was inserted between two nonwovens forming the assembly and incorporated by needle punching (Fig. 1a). The basic properties of the HRBP/Kevlar nonwovens and the glass plain-woven fabrics were tested in our previous research [[endnoteRef:20]], and the results are shown Table 1. Double identical layers of the compound fabric cover and various center plies composed the inter/intra-ply hybrid composites that were reinforced through needle punching and thermal bonding. The reason for applying negative needle punching depth, which is schematically illustrated in Fig. 1b, was to ensure that the center ply remained fluffy and resilient without being compacted and destroyed. Parameters such as areal density, needle punching depth, and fiber blending ratio were varied to investigate their effects on the static and dynamic impact behaviors. Table 2 shows the specifications of all the samples. [20: [] Lin JH, Yan RS, Wang R, Wang C, Lou CW. (). Manufacturing and mechanical evaluation of HRBP/PPTA intra-ply hybrid nonwovens for protecting cushioning composites. Adv Mater Res 2014; 910: 254-7.] 

[bookmark: _GoBack]
Fig. 1. Manufacturing process of the (a) cover ply and (b) hybrid composite.

Table 1
Properties of the glass plain fabric and HRBP/Kevlar woven fabric
	Fabric
	Areal Density (g/m2)
	Thickness (mm)
	Tensile Load (N)

	
	
	
	Cross-machine direction
	Machine direction

	Glass plain fabric
	328
	0.31
	606.10
	514.45

	HRBP/Kevlar woven fabric
	150
	1.5
	163.80
	89.452



Table 2 
Specifications of the hybrid composites
	Sample Code
	Center Ply Blending Ratio
	Center Ply Areal Density (g/m2)
	Needle Punching Depth (mm)

	400H
	100% HRBP
	400
	-5

	500H
	100% HRBP
	500
	-5

	600H
	100% HRBP
	600
	-5

	700H
	100% HRBP
	700
	-5

	-5H
	100% HRBP
	300
	-5

	-3H
	100% HRBP
	300
	-3

	-1H
	100% HRBP
	300
	-1

	90H/10C
	90% HRBP +10%CHP
	300
	-5

	80H/20C
	80% HRBP +20%CHP
	300
	-5

	70H/30C
	70% HRBP +30%CHP
	300
	-5

	60H/40C
	60% HRBP +40%CHP
	300
	-5




2.3. Testing methods

[bookmark: OLE_LINK24]Static bursting test was performed on an Instron 5566 Universal Testing Machine (UTM) (Instron, USA, Fig. 2a) with a 10 kN load cell and measured according to ASTM D3787 [[endnoteRef:21]]. Each specimen was trimmed as a 125 mm square and fixed between plate clamps with concentric apertures of 45.000 ± 0.005 mm in diameter. A crosshead hemispherical-end impactor with a diameter of 7.000 ± 0.005 mm was moved to the center of the sample with a uniform velocity of 100 mm/min. The bursting equipment is shown in Fig. 2b. The load–displacement curves during the impact were obtained and the maximum bursting load was recorded as bursting strength.  [21: [] ASTM D3787. Standard Test Method for Bursting Strength of Textiles—Constant-Rate-of-Traverse (CRT) Ball Burst Test, 2007.] 

[bookmark: OLE_LINK42][bookmark: OLE_LINK43]Static puncture resistance test was conducted based on ASTM F1342 [[endnoteRef:22]] on the Instron 5566 UTM. Samples were regulated in 100 mm squares and placed between a pair of circular clamps with 20.000 ± 0.005 mm diameter apertures. The puncture probe was 4 mm in diameter with a conical head descended at constant speed of 508 mm/min. Fig. 2c shows the puncture equipment. The maximum load is recorded as the puncture resistance. [22: [] ASTM F1342. Standard Test Method for Protective Clothing Material Resistance to Puncture, 2005.] 

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]A drop-weight tester (Kuang-Neng Machine Factory Co. Ltd., Taiwan, Fig. 2d) was used to test the dynamic puncture behavior depending on the NIJ Standard 0115.00. Specimens were trimmed as 100 mm squares and fixed between clamps, and the effective test region was a 40 mm-diameter circle. The spike with a 4 mm diameter was dropped from a 284 mm height together with the load cell weighing 8.26 kg. The testing equipment is shown in Fig. 2e. The discontinuity of the load versus time curve is on account of the load cell detecting specific force values instead of total interval.
[bookmark: OLE_LINK25]The cushioning behavior test for dynamic impact was a non-penetrating test conducted by the drop-weight tester. The 100 mm × 100 mm specimen was located on the bottom platform with a circular load detector at the center. A 90 mm diameter cambered-head impactor weighing 9.4 kg (plus load cell) freely fell to impact the sample. The initial incident force of 8927 N was determined by adjusting the falling height to 65 mm (Fig. 2f). Compression and deformation of the sample relieved the incident force and, at the end of the impact, the residual force was collected by the detector. Cushioning force  is defined as:
                                                         (1)
where  is the incident force, and  is the residual force.
  

 



[bookmark: OLE_LINK55]Fig. 2. Test photograph of (a) Instron 5566 and schematic diagram of the test equipment for (b) static bursting, (c) static puncture; test photograph of (d) drop-tower and test equipment for (e) dynamic puncture and (f) drop-weight impact.

3. Results and discussion

3.1. Static bursting behavior

Mechanical bursting is a rupture phenomenon of composites by local pressure. In this study, the bursting behavior of inter/intra-ply hybrid composites with various areal densities, needle punching depths, and fiber blending ratios were evaluated.
[bookmark: OLE_LINK20]Fig. 4 illustrates the bursting response of hybrid composites with different areal densities. As shown in Fig. 4a, the bursting load increased at a constant speed until it reached the maximum value at which it completely bursts the hybrid composites and then decreased rapidly to minimum strength. Initially, the impactor contacted the upper cover ply to compress the composites. The reinforcing cover ply that was composed of high-strength fibers had a compact structure while the center ply had a fluffy and porous structure, such that the maximum strength was mainly attributed to the cover ply strength and the fracture energy was due to the potential energy produced by the compression of the center ply. With an increase in areal density, more fibers and thermal-bonding points existed in the center layer to bear loading. Hence, a higher potential energy was produced, and the maximum deflection at the peak load was improved. Bursting load was steadily enhanced until the upper and lower cover plies reached the failure strength and are penetrated almost simultaneously. Afterward, the strength dropped immediately to the bottom until the end of the test. Fig. 4b reveals the bursting strength and fracture energy of the hybrid composites with various areal densities. The figure shows that 400 H exhibited the lowest bursting strength of 1722 N. With every increase in areal density by 100 g/m2, the bursting strength was improved by approximately 100 N. The fracture energy was significantly improved with the increase in areal density.


Fig. 4. Effects of hybrid composites with various areal densities on (a) bursting load versus deflection responses and (b) bursting strength and fracture energy.

[bookmark: OLE_LINK34][bookmark: OLE_LINK35]Fig. 5 reveals the effects of hybrid composites with various needle punching depths on bursting behavior. As the thickness and density of the composites were influenced by the needle punching depth, the samples with -1 and -3 mm needle punching depths obtained higher density and lower thickness than those with -5 mm depth because of the higher degree of fiber entanglement. The center ply was thus affected more severely by withstanding the bursting loading and the occurring fluctuation during a range of maximum bursting strength rather than by rising fast to reach the peak value (Fig. 5a). The compression potential energy and deflection was also eliminated as the needle punching depth deepened because the thickness was reduced. Fig. 5b illustrates that the fracture energy decreased linearly when needle punching deepened. Compared with -5H, the fracture energy of -3H and -1H decreased by 8.8% and 18.2%, respectively, whereas the bursting strength decreased by 15.0% and 19.0%, respectively.


Fig. 5. Effects of hybrid composites with various needle punching depths on (a) bursting load versus deflection responses and (b) bursting strength and fracture energy.

Fig. 6 presents the bursting behavior of hybrid composites with different fiber blending ratios. Increasing the mass fraction of the CHP resulted in decreasing thermal-bonding points, which eliminated the bonding strength and potential energy. The composites with increasing CHP ratio were thus penetrated at a lower deflection at decreased peak strength (Fig. 6a). The corresponding fracture energy declined with the increase in blending ratio of CHP (Fig. 6b).


[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Fig. 6. Effects of hybrid composites with various fiber blending ratios on (a) bursting load versus deflection responses and (b) bursting strength and fracture energy.

[bookmark: OLE_LINK17]Fiber fracture, thermal-bonding point breakage, and fiber slippage are the main rupture mechanisms of bursting. Cover ply which was made of high tenacity and low elongation materials mainly burst through fiber fracture and debonding (Fig. 7). A little yarn slippage was observed in the reinforcing woven fabric (Fig. 7b). Delamination is also an important mechanism caused by the breakage of the bonding point and fiber fracture to absorb impact energy during the bursting test. Fig. 8 represents the typical damage regions of the burst sample. Samples with various areal densities and fiber blending ratios displayed severe delamination around the test area while the problem was unconspicuous in -3H and -1H, which depicted that the -3H and -1H performed higher inter-layer strength than the other samples with -5 mm needle punching depth. This condition resulted from the deeper punching lead to having a more compact structure and getting more contact opportunities to form thermal bonding points. On the other hand, the addition of CHP decreased the bonding degree and improved the fluffy degree so that the damage area of 60H/40C recovered much better than 90H/10C, while the pure HRBP composites exhibited significant deformation. 

[bookmark: OLE_LINK46]Fig. 7. Schematic of damage in burst cover-ply. (a) Intra-ply hybrid nonwovens; (b) reinforcing glass plain fabric; (c) SEM of breakage of thermal-bonding point.


[bookmark: OLE_LINK19]Fig. 8. Schematic of bursting damage in hybrid composites. Row 1 (a) 400H, (b) 500H, (c) 600H, (d) 700H, Row 2: (e) 9H/1C, (f) 8H/2C, (g) 7H/3C, (h) 60H/30C, Row 3: (i) -5H, (j) -3H and (k) -1H.

3.2. Static puncture behavior

[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Fig. 9 shows the effects of various areal densities on puncture behavior. As presented in Fig. 9a, the responses of puncture resistance versus deflection fluctuated and then decreased smoothly after reaching the maximum value. Two points (A and B) were observed on the rising curve and were attributed to the vertex puncturing the upper and lower cover plies. The probe then continued to move until it reached the directrix (with maximum perimeter) through the composites (point C). However, the peak load and deflection values at the peak load of approximately 330 N had little difference among the composites with various areal densities, which was mainly attributed to the relatively high velocity and fine probe size. Firstly, the puncture probe has a pointed tip and contact small area with samples. Thus, the effect of friction on puncture process is lesser. Secondly, the fluffy center ply remains extensive gaps so that the probe fails to produce fiber fracture directly. Thirdly, the relatively high penetration speed changes the influence of sliding friction. The fracture energy had a slight enhancement with the increase in areal density because of friction (Fig. 9b).


Fig. 9. Effects of hybrid composites with various areal densities on (a) puncture load versus deflection responses and (b) puncture resistance and fracture energy.

Fig. 10 depicts the puncture resistance behavior of hybrid composites with various needle punching depths. The puncture load versus deflection responses (Fig. 10a) also presented a fluctuating rising trend, but one more point appeared on the curve of -3H and -1H. The reason for this condition was that the height of the cone was higher than the thickness of the compressed sample during the puncture process, and the vertex and directrix penetrated the two cover plies separately. Similar to the response curves of various densities, the deflections at peak load were synchronized. The peak loads and fracture energy of various needle punching depths were almost identical. 


Fig. 10. Effects of hybrid composites with various needle punching depths on (a) puncture load versus deflection responses and (b) puncture resistance and fracture energy.

Fig. 11 depicts the effects of fiber lending ratios on puncture behavior. Load versus deflection responses in Fig. 11a showed a tendency similar to that of various areal densities in Fig. 9a. The peak loads clearly declined with the promotion in weight ratio of CHP fibers for fewer thermal-bonding points. The puncture resistance of 90H/10C was 318.51 N, whereas that of 60H/40C exhibited the lowest value at 287.28 N. The fracture energy showed a similar trend with the corresponding puncture resistance.

Fig. 11. Effects of hybrid composites with various fiber blending ratios on (a) puncture load versus deflection responses and (b) puncture resistance and fracture energy.

Fig. 12 indicates that failure mechanisms of static puncture are mainly fiber slippage and thermal-bonding point breakage because the puncture test is performed with a tiny vertex conical-shaped probe. Fiber slippage was apparent in reinforcing glass plain woven fabric (Fig. 12b). Nevertheless, as shown in Fig. 13, the delamination was insignificant in the static puncture test. Samples with addition of CHF perform more severe delamination than the samples with various areal densities and needle punching depths due to the same reason in bursting behavior.

[bookmark: OLE_LINK47][bookmark: OLE_LINK48]Fig. 12. Schematic of damage in punctured cover-ply. (a) Intra-ply hybrid nonwovens; (b) reinforcing glass plain fabric.

Fig. 13.  Schematic of static puncture damage in hybrid composites. Row 1 (a) 400H, (b) 500H, (c) 600H, (d) 700H, Row 2: (e) 9H/1C, (f) 8H/2C, (g) 7H/3C, (h) 60H/30C, Row 3: (i) -5H, (j) -3H and (k) -1H.

3.3. Dynamic puncture behavior

The dynamic puncture by a drop weight probe had increasing velocity during the puncture period. Fig. 14. depicts the effects of various areal densities on dynamic puncture behavior. As special load values was recorded by the detector, the load versus time responses curves were discontinuous (Fig. 14a). The points similar to D, E, and F in static puncture resistance were unapparent compared with those in the dynamic puncture. Nevertheless, the rising and descending slopes of 400H, 500H, 600H, and 700H were almost the same. Fig. 14b reveals that both puncture resistance and average duration at the peak load both ascended with the increase in areal densities. The reason for these results was the increased velocity in variable accelerated motion during impact, which neglected the influence of the slight dimension difference of the probe on puncture resistance. This condition made the friction between the probe and fluffy center ply fibers the dominant factor. Dynamic puncture resistance was hence promoted with the addition of areal density.


[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Fig. 14. Effects of hybrid composites with various areal densities on (a) dynamic puncture load versus time responses and (b) puncture resistance and duration.

[bookmark: OLE_LINK27]Similarly, the ascending and descending slopes of -5H, -3H, and -1H had little distinction with one another (Fig. 15a). The dynamic puncture resistance was promoted by increasing the needle punching depth, whereas the average durations at peak load showed a downtrend because of the decreased thickness of the composites. In terms of various fiber blending ratios, all the hybrid composite samples had the same response tendency (Fig. 16a) and the same amount of dynamic puncture resistance, except for 60H/40C. The average durations of different composites showed a distinct increasing trend with the promotion in weight ratio of the CHP fibers. The main reason for this condition was that the composites were deformed by the instantanous puncture and CHP tended to recover to the initial position, whereas the HRBP fibers were mostly restricted by the bonding points. The friction slide distance of the samples with a larger amount of CHP fibers was higher than that of the smaller ones, leading to higher dynamic puncture resistance.

Fig. 15. Effects of hybrid composites with various needle punching depths on (a) dynamic puncture load versus time responses and (b) puncture resistance and duration.

[bookmark: OLE_LINK30]
Fig. 16. Effects of hybrid composites with various fiber blending ratios on (a) dynamic puncture load versus time responses and (b) puncture resistance and duration

Compared with the static puncture that had a similar-diameter probe, the puncture resistance of the corresponding composites was significantly lower than that of the static puncture. When the static puncture probe with uniform motion penetrated the composites, static friction as a component force of impact force produced points on the ascending curve. Fiber elongation also reinforced the puncture resistance. In the variable accelerated motion of dynamic puncture, the kinetic friction determined by compactness was the dominant factor. The apparent difference indicated in Figs. 10b and 15b was the slight decreasing trend of the static puncture resistance, whereas the dynamic puncture resistance was improved with the deepening of the needle punching. With the promotion in CHP blending ratio, the static puncture resistance indicated a decreasing trend, whereas the dynamic puncture resistance showed an opposite trend. The damage shape of the cover-ply under dynamic loading was similar to that of static puncture sample (Fig. 17a). Compared with Fig. 12(b), it can be seen that yarns directly contacting the dynamic puncture probe in the test area almost fracture with little slippage. This is because of the different dominant failure mechanisms in the two processes. The cross section of the damaged sample showed very little delamination under dynamic loading (Fig. 18).

 
Fig. 17. Schematic of damage in dynamic punctured cover-ply. (a) Intra-ply hybrid nonwovens; (b) reinforcing glass plain fabric.

Fig. 18.  Schematic of dynamic puncture damage in hybrid composites. Row 1 (a) 400H, (b) 500H, (c) 600H, (d) 700H, Row 2: (e) 9H/1C, (f) 8H/2C, (g) 7H/3C, (h) 60H/30C, Row 3: (i) -5H, (j) -3H and (k) -1H.

3.4. Dynamic impact behavior

In this study, the non-penetrating dynamic impact test was performed to investigate the compression and resilience performance of inter/intra-ply hybrid composites. The cushioning force calculated by Equation (1) expressed the elimination of incident impact force and estimated the capacity of the composites to relieve damage on the protected object.
Fig. 19 represents the dynamic impact bahavior of hybrid composites with various areal densities. Impact load versus time responses during the drop weight impactor shocking the sample with 8927 N is shown in Fig. 19a. The load soared to the maximum pressure (point D) and rebounded quickly, damping the nearby balance position. Maximum pressure weakened, and impact duration increased with the increase in areal density because of the collapse of more supporting bonding points. Mealwhile, the 400H and 500H samples damped to the highest position (point E) and dropped (point F) to create secondary damage to the composites and the object. The 600H and 700H samples absorbed higher impact energy and limited the amplitude, hence avoiding secondary damage. The forces that were buffered were promoted with the increase in areal density (Fig. 19b). The 400H sample eliminated 48.3% of the incident force, whereas 700H successfully eliminated 66.5%. Compared with 400H, the cushioning force of 500H, 600H, and 700H was enhanced by 15%, 23%, and 38%, respectively.

Fig. 19. Dynamic cushioning behavior of hybrid composites with various areal densities on (a) load versus time responses and (b) cushioning force.

[bookmark: OLE_LINK6][bookmark: OLE_LINK13][bookmark: OLE_LINK26]Fig. 20 illustrates the dynamic cushioning behavior of 300 g/m2 with various needle punching depths. The damping phenomenon in -3H and -1H was observed to be heavier than that in -5H, resulting in the impactor rebound exceeding the balance position for the second time (point F, Fig. 20a). As the thickness of the hybrid composites decreased according to the needle punching depth, the damping vibration attenuation weakened with the decrease in thickness. The cushioning forces of the composites also decreased slightly with the deepening of needle punching, ranging from 43.2% to 38.8% of the incident force.


Fig. 20. Dynamic cushioning behavior of hybrid composites with various needle punching depths on (a) load versus time responses and (b) cushioning force.

The effects of various fiber blending ratios on dynamic impact were indistinct. The response curves express similar duration times of impact, and the values of the D, E, and F points were almost the same (Fig. 21a). Although the addition of CHP fibers without low-melting point reduced the thermal-bonding points in the internal structure, its 3D construction contributed to the recovery property and compression resistance in the thickness direction. Therefore, the cushioning forces of various fiber blending ratios showed no distinction.


[bookmark: OLE_LINK51][bookmark: OLE_LINK52]Fig. 21. Dynamic cushioning behavior of hybrid composites with various fiber blending ratios on (a) load versus time responses and (b) cushioning force.

4. Conclusion

This study investigated the effects of inter/intra-ply hybrid composites with various areal densities, needle punching depths, and fiber blending ratios on static and dynamic impact behaviors. The results revealed that the hybrid composites perform excellent in static and dynamic impact resistances. Areal density significantly influences impact behavior, which, most of the time, was clearly enhanced with the increase in areal density. Needle punching depth also has a slight influence on the impact performance of hybrid composites mainly because of the thickness. As the addition of CHP fibers reduced thermal-bonding points, static bursting strength decrease by increasing the CHP fiber ratio. However, its specific 3D structure helps to support the drop weight impact and the resulting similar cushioning properties among the composites with various fiber blending ratios. Opposite behaviors were also observed in the static and dynamic puncture tests because of their different failure mechanisms. The dominant factors influencing static puncture resistance are friction and fiber elongation, whereas kinetic friction mainly influences dynamic puncture resistance.
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