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Abstract 
[bookmark: OLE_LINK22]In this study, hybrid composites composed of high-resilience fiber and reinforced with glass fabric were successfully prepared by needle punching and thermal bonding process. The effects of areal density, needle punching depth, and fiber blending ratio of the composites on delamination, cushioning, hardness, support factor, and hysteresis loss were investigated, and the relevant mechanisms were elucidated. Experimental results indicated that the hybrid composites exhibit high cushioning properties under multidrop-weight impact. The factors studied considerably influenced the cushioning properties of the composites. Hardness and support factor improved with increasing areal density and needle punching depth but decreased with increasing crimp hollow fiber ratio because of compression stress relaxation. Hybrid composites with various areal densities exhibited contrasting effects on the hysteresis behaviors of compression and indentation force deflections; these effects are attributed to the dissipation of support and energy in the materials surrounding the indentation. Instantaneous compression and recovery processes yielded no significant effects on fiber slippage; however, hysteresis loss was slightly affected by compression stress relaxation. The high-resilience thermal-bonding hybrid composites proposed in this work exhibited high cushioning and compression resistance properties. 
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Introduction
[bookmark: OLE_LINK23]Laminated composites are extensively used in protective applications because they combine various advantages of the assembled components. Laminated sandwich composites are commonly applied in aerospace, automobiles, personal protection, and specific packages because of their high performance on tensile strength, bending stiffness, compression resistance, acoustic absorption, thermal insulation, and fire retardation properties[endnoteRef:2], [endnoteRef:3]. One of the major concerns in the application of laminated composites, however, is the damage induced by direct or indirect foreign objects, including fracture, collapse, and abrasion. To prevent damage, high-performance materials with a honeycomb, porous, or corrugated structures are applied on protective composites[endnoteRef:4]. Single-molded honeycombs and corrugated panels, however, are restricted in some dimensioned situations; protective materials are expected to be flexibly designed and able to sustain loads from random directions. Therefore, easily available and multifunctional fiber-assembled products are necessary to resist compression and force buffering. Fibrous materials, or textile foams, possess properties that are similar to those of polymeric foams; between these two types of materials, fibrous materials are more environmentally friendly. Neat and modified rigid and flexible polymeric foams with improved compression resistances have been fabricated [endnoteRef:5]-[endnoteRef:6][endnoteRef:7][endnoteRef:8][endnoteRef:9][endnoteRef:10][endnoteRef:11][endnoteRef:12], but these foams exhibit drawbacks in terms of thermal, mechanical and optical properties, such as low melting point, low shear and cut resistance and light aging. Textiles have been well documented with good compressive properties and impact resistance by energy dissipation[endnoteRef:13]-[endnoteRef:14][endnoteRef:15] and have been compounded with various polymers to reinforce their mechanical properties [endnoteRef:16], [endnoteRef:17]. Saunders et al.[endnoteRef:18] compared the compressive properties of polymer composites reinforced with various woven fabrics and found that twill-woven fabric is the most difficult to compress and satin-patterned fabric contains the largest amount of resin. Aktaş et al.[endnoteRef:19] investigated the effects of fabric stacking sequence and test temperature on the compressive properties of the resultant materials. Lu et al.[endnoteRef:20] measured the static and impact compressive behaviors of warp-knitted spacer fabric composites and found acceptable results. Static indentation tests on textile-reinforced composites have also been performed[endnoteRef:21]-[endnoteRef:22][endnoteRef:23]. Kim et al.[endnoteRef:24] focused on a novel textile foam structure composed entirely of fibers fabricated via thermal bonding. Studies on the load-bearing properties of textile foams are rare. In addition, the cushioning and compressive properties of high-strength homogenous fiber assemblies have yet to be determined. Impact resistance reinforcements in architecture, automobile, personal protection, specific packaging, and other applications are necessary to enhance the duration and load bearing. In this regard, inter-ply hybrid composites can incorporate different functional layers.  [2:  Karlsson KF and TomasÅström B. Manufacturing and applications of structural sandwich components. Compos Part A–Appl S 1997; 28: 97–111. ]  [3:  Hosur MV, Mohammed AA, Zainuddin S, et al. Processing of nanoclay filled sandwich composites and their response to low–velocity impact loading. Compos Struct 2008; 82: 101–116.]  [4:  Wang DM. Cushioning properties of multi–layer corrugated sandwich structures. J Sandw Struct Mater 2009; 11: 57–66.]  [5:  Casati FM, Herrington RM, Broos R, et al. Tailoring the performance of molded flexible polyurethane foams for car seats. J Cell Plast 1998; 34: 430–466.]  [6:  Ni H, Yap CK and Jin Y. Effect of curing moisture on the indentation force deflection of flexible polyurethane foam. J Appl Polym Sci 2007; 104: 1679–1682.]  [7:  Yuan Y and Shutov F. Foamed polymer sandwich composites reinforced with three–dimensional filler. J Reinf Plast Compos 2002; 21: 653–661.]  [8:  de Mello D, Pezzin SH and Amico SC. The effect of post–consumer PET particles on the performance of flexible polyurethane foams. Polym Test 2009; 28: 702–708.]  [9:  Avalle M, Belingardi G and Montanini R. Characterization of polymeric structural foams under compressive impact loading by means of energy–absorption diagram. Int J Impact Eng 2001; 25: 455–472.]  [10:  Gupta N, Ye R and Porfiri M. Comparison of tensile and compressive characteristics of vinyl ester/glass microballoon syntactic foams. Compos Part B–Eng 2010; 41: 236–245.]  [11:  Bashirzadeh B and Gharehbaghi A, An Investigation on Reactivity, Mechanical and Fire Properties of PU flexible foam. J Cell Plast 2010; 46: 129–158.]  [12:  Vesenjak M, Gačnik F, Krstulović-Opara L, et al. Behavior of composite advanced pore morphology foam. J Compos Mater 2011; 45: 2823–2831.]  [13:  Armakan DM and Roye A. A study on the compression behavior of spacer fabrics designed for concrete applications. Fiber Polym 2009; 10: 116–123.]  [14:  Liu Y, Hu H, Long H, et al. Impact compressive behavior of warp–knitted spacer fabrics for protective applications. Text Res J 2012; 82: 773–788.]  [15:  Yoo SH, Chang SH and Sutcliffe MPF. Compressive characteristics of foam–filled composite egg–box sandwich panels as energy absorbing structures. Compos Part A–Appl S 2010; 41: 427–434.]  [16:  Garoushi S, Lassila LVJ, Tezvergil A, et al. Static and fatigue compression test for particulate filler composite resin with fiber–reinforced composite substructure. Dent Mater 2007; 23: 17–23.]  [17:  Subramaniyan AK and Sun CT. Enhancing compressive strength of unidirectional polymeric composites using nanoclay. Compos Part A–Appl S 2006; 37: 2257–2268.]  [18:  Saunders RA, Lekakou C and Bader MG. Compression in the processing of polymer composites 1. A mechanical and microstructural study for different glass fabrics and resins. Compos Sci Technol 1999; 59: 983–993.]  [19:  Aktaş M, Karakuzu R and Arman Y. Compression–after impact behavior of laminated composite plates subjected to low velocity impact in high temperatures. Compos Struct 2009; 89: 77–82.]  [20:  Lu Z, Jing X, Sun B, et al. Compressive behaviors of warp–knitted spacer fabrics impregnated with shear thickening fluid. Compos Sci Technol 2013; 88: 184–189.]  [21:  Lee SM and Zahuta P. Instrumented impact and static indentation of composites. J Compos Mater 1991; 25: 204–222.]  [22:  Rizov V, Shipsha A and Zenkert D. Indentation study of foam core sandwich composite panels. Compos Struct 2005; 69: 95–102.]  [23:  Rizov VI. Non–linear indentation behavior of foam core sandwich composite materials—A 2D approach. Comp Mater Sci 2006; 35: 107–115.]  [24:  Kim KY, Doh SJ, Im JN, et al.Effects of binder fibers and bonding processes on PET hollow fiber nonwovens for automotive cushion materials. Fiber Polym 2013; 14: 639–646.] 

To best of our knowledge, no study has yet been conducted on the compressive properties of high-resilience cushioning hybrid composites. In the current study, we fabricate cushioning hybrid composites with high-resilience central layers reinforced with sandwich cover plies; the responses of the hybrid composites to compression were characterized. Hybrid composites with varying areal densities, needle punching depths, and fiber blending ratios were fabricated, and the effects of these parameters on the compressive properties of the resultant composites (e.g., support factor, hardness index, and hysteresis loss) were determined. The cushioning properties of the hybrid composites were determined based on responses to dynamic multi-drop weight impact.

Experimental procedure
Materials
[bookmark: OLE_LINK47]The sheath-core structural biocomponent high-resilience bonding polyester (HRBP) staple fiber (Far Eastern Textile Ltd., Taiwan) was composed of a common polyester core and low-melting point polyester sheath. 4 Denier (D) HRBP fiber exhibits a tenacity of 3 g/d with 12% degree of crimp. The low-melting point sheath was melted at 170 °C. The p-phenyleneterephthalamide staple fibers consisted of recycled Kevlar unidirectional selvages (DuPont Company, USA), which were composed of 2820 D K129, 1000 D K29, and 2160 D K49 multifilaments with lengths ranging from 50 mm to 60 mm. The 3D crimp hollow polyester (CHP) staple fiber had a fineness of 7D and length of 64 mm with 20% degree of crimp. The reinforcing glass plain fabric with warp and weft densities of 34 ends and 26 picks per inch, respectively, was purchased from Jinsor-Tech Industrial Corp., Taiwan. The thickness and areal density of the glass fabric were 0.31 mm and 328 g/m2, respectively.

Composite manufacturing
[bookmark: OLE_LINK48][bookmark: OLE_LINK49]Hybrid composites with sandwich cover plies and reinforced cushioning nonwoven center layer were fabricated. The intra-ply hybrid nonwoven layer with an HRBP/Kevlar blending ratio of 85:15 was manufactured through needle punching at 150 g/m2 areal density. Double layers of HRBP/Kevlar nonwoven layers enclosing a layer of glass plain fabric were incorporated to form a sandwich cover ply by needle punching at a frequency of 100 shocks/min with 5 mm punching depth. Carded nonwoven cushioning layers with a sandwich cover ply on both sides were subsequently assembled and compounded by negative-depth needle punching to enhance the entanglement degree of the layers and strengthen the binding strength of the boundary layer and the remaining fluffy architecture of the cushioning center layer. The fabric stack was thermally treated in an oven at 180 °C for 15 min to promote bonding points by melting components with low melting points. For comparison, non-laminated (N-L) thermal bonding composite plate that made of low-melting point polyester (LMPET, Far Eastern Textile Ltd., Taiwan) was fabricated. Hybrid composites varying areal density, needle punching depth, and fiber blending ratio were fabricated in this work (Table 1).

Table 1. Specifications of the hybrid composites
	Sample Code
	Center ply
	Areal Density (g/m2)
	Needle Punching Depth (mm)
	Thickness
(mm)
	Thickness of center ply (mm)

	N-L
	100% HRBP
	400
	-5
	20.03 ± 0.14
	-

	400H
	100% HRBP
	400
	-5
	20.15 ± 0.26
	15.17 ± 0.28

	500H
	100% HRBP
	500
	-5
	20.21 ± 0.41
	15.22 ± 0.43

	600H
	100% HRBP
	600
	-5
	20.37 ± 0.18
	15.36 ± 0.79

	700H
	100% HRBP
	700
	-5
	20.39 ± 0.13
	15.40 ± 1.11

	-5H
	100% HRBP
	300
	-5
	20.09 ± 0.22
	15.10 ± 0.36

	-3H
	100% HRBP
	300
	-3
	16.04 ± 0.23
	10.27 ± 0.65

	-1H
	100% HRBP
	300
	-1
	  8.53 ± 0.11
	  2.90 ± 1.47

	90H/10C
	90% HRBP +10%CHP
	300
	-5
	20.11 ± 0.07
	15.01 ± 0.12

	80H/20C
	80% HRBP +20%CHP
	300
	-5
	20.12 ± 0.21
	15.13 ± 0.03

	70H/30C
	70% HRBP +30%CHP
	300
	-5
	20.17 ± 0.56
	15.15 ± 0.37

	60H/40C
	60% HRBP +40%CHP
	300
	-5
	20.17 ± 0.06
	15.09 ± 0.40



Testing
Delamination resistance
[bookmark: OLE_LINK25]The resistance to delamination of the hybrid composites was measured by Intron 5566 Universal testing machine in accordance with ASTM D3936. A 75 mm×50 mm specimen was separated for a distance of approximately 38 mm along the width direction in advance. Each layer was then clamped in the upper and lower clamps and separated at a speed of 304 ± 10 mm/min. Delamination resistance, which is expressed in N/mm, was calculated from the average peak force recorded during the test divided by width. In this study, the delamination resistances of the cover ply, center ply, and interface were investigated (Figure 1). Ten specimens were tested in each type of composites.

Figure 1. Schematic diagram of the delamination of hybrid composites.

Cushioning capacity
[bookmark: OLE_LINK34][bookmark: OLE_LINK35]The cushioning test was conducted using a drop tower device (Kuang-Neng Machine Factory Co. Ltd., Taiwan) as shown in Figure 2(a). A 100 mm×100 mm-square hybrid composite specimen was placed on the platform. Load was applied to the specimen using a 90 mm diameter cambered-head drop-weight impactor with a weight of 9.4 kg which dropped from a height of 65 mm. The device was equipped with an impulse data acquisition system and a detector at the center of the platform, which recorded the data at 2000 Hz. Using an initial incident force of 8.927 kN, the sample was struck six times at 60 s intervals which allowed the sample to recover to its original shape between strikes. Residual force was determined after every impact. Load loss  can be calculated by the following equation:
                                                       (1)
where  is the incident force and  is the residual force. Cushioning capacity loss (CCL) was measured to calculate the percentage difference between every load loss and determine the loss of cushioning capacity. CCL was defined as follows:
(n≥2)                                       (2)
where  is the load loss and  is the load loss for the first impact. Ten specimens were measured in each type of composites.

Compressive properties
[bookmark: OLE_LINK29][bookmark: OLE_LINK32][bookmark: OLE_LINK4][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Compression force deflection (CFD) is the main parameter used to determine the compressive property of a material. Compression tests of the hybrid composites were conducted using an Instron 5566 based on ASTM D3574. The hybrid composite sample (50 mm×50 mm) was placed on a 200 mm-diameter circular platform. The opposite indenter, which is a plane circular plate with a diameter of 200 mm, was moved down at a crosshead speed of 50 ± 5 mm/min until about 50% of the sample thickness. The compression force was recorded after 60 ± 3 s. CFD can be calculated using the following equation:
                                                        (3)
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]where  is the compression force and A is the specimen area. Hardness index was measured via an indentation force deflection (IFD) test, which was performed using the Instron 5566. In this study, IFD test samples (300 mm × 300 mm) were placed on the lower platform. The upper plate indented the sample at 50 ± 5 mm/min. Hardness was defined as the load applied that resulted in 50% indentation of the initial thickness; support factor was determined as the ratio of 65% IFD to 25% IFD. Values for hardness and support factor were recorded after maintenance of the force for 60 s. Hysteresis loss was employed to estimate the reduction in compressive capacity. IFD and CFD hysteresis loss of the hybrid composites were measured by indenting and compressing the sample, respectively, by 75% of the thickness. Hysteresis loss was evaluated using Equation (4).
                                        (4)
where  is the loading energy and  is the unloading energy. The CFD and IFD testing instruments are shown in Figures 2(b) and 2(c), respectively. Ten specimens were evaluated in each type of composites.

  
Figure 2. Testing instruments of (a) drop-weight impact, (b) CFD, and (c) IFD.

Results and discussion
Delamination resistance
Delamination is a common type of failure mechanism in hybrid laminated composites. Previous studies have revealed that a large amount of destructive energy can be absorbed by a material during delamination and that the damage threshold is influenced by various factors. In this study, all of the composites were covered with identical sandwich structural hybrid laminates. The cover-ply delamination resistances of all the composites were approximately 0.66 and 0.57 N/mm in the machinery and cross machinery directions, respectively. Figure 3 shows the effects of areal density, needle punching depth, and fiber blending ratio on the resistance of the composites to interface delamination and center-ply delamination. The interface delamination resistance of each sample was generally higher than its center-ply delamination resistance, likely because the compact cover ply possesses a large in-plane area that allows contact and bonding with the carded webs. More specifically, delamination resistance was related to the bonding force between contiguous layers, and the wide in-plane contact area provided numerous opportunities with which to form thermal bonding points. The failure mechanisms of delamination mainly include fiber fracture, debonding of thermal-bonding points, and pull-out friction between the pegs of one layer and another layer[endnoteRef:25]. The failure morphology is shown in Figure 4.  [25:  Hearle JWS and Purdy AT. The structure of needle punched fabric. Fibre Sci Technol 1971; 4: 81–100.] 

The resistance to delamination of hybrid composites was enhanced with the increase in center-ply area density because of the presence of additional thermal bonding points (Figure 3a). With increasing needle punching depth, the structure of the hybrid composites became more compacted in the thickness direction, which promoted the number of thermal bonding points. The pegs were lengthened by needle punching, thereby resulting in increased friction with other layers and improved delamination resistance. Therefore, the delamination resistance of the hybrid composites was enhanced with increasing needle punching depth. As shown in Figure 3(b), the ID and CD delamination strengths of sample -1H were four and two times larger, respectively, than those of sample -5H. The delamination resistance of ID and CD also slightly weakened with the promotion of CHP blending ratio because of the presence of single-component without low-melting points to decrease thermal-bonding points (Figure 3c). 


Figure 3. Delamination resistance of hybrid composites with various (a) areal densities, (b) needle punching depths, and (c) fiber blending ratios.


Figure 4. (a) Longitudinal and (b) vertical pegs after delamination.
[bookmark: OLE_LINK52]A: broken fiber; B: debonding points; and C: pulled-out peg.

Cushioning capacity
Multidrop-weight impact tests were used to evaluate the cushioning property and durability of the hybrid composites. The cushioning property of the hybrid composites varied after every impact because of the collapse of the internal fiber network induced by the drop weight impactor. The initial load loss of N-L was 2436 N
Figure 5(a) illustrates the load values that the composites contribute to the buffer as related to various areal densities and multi-impact times. The load loss of the hybrid composites rose apparently with the increase in areal density because of the presence of a larger number of bonding points that can reinforce the structure as well as more fibers to sustain the impact force. The initial load losses of 400H, 500H, 600H, and 700H were 4308, 4968, 5298, and 5941 N, respectively, which were much higher than the initial load loss of N-L of 2436 N. On the other hand, the load loss decreased with increasing impact times due to the reduction of degree of support in the composites caused by destruction of the anfractuosity structure. Under the same number of impact times, the load loss was improved by approximately 500 N with every 100 g/m2 increase in areal density. The load loss of 700H for the last impact was still 3346 N, which is twice that of 400H. Figure 5(b) depicts the variation in CCL of the hybrid composites as a function of areal density and impact time. The CCL of the hybrid composites obviously decreased with increasing areal density. The CCL increased with increasing impact times because the dominant cushioning mechanism of the hybrid composites is fiber deformation caused by high pressure. Structure deformation inhibits recovery to the original state which forms a solid network to sustain the following impact. 

Figure 5. Effects of areal density on (a) load loss and (b) CCL with different impact times.

Figure 6(a) illustrates the effects of needle punching depth and multi-impact on load loss. Although the thicknesses of the hybrid composites with various needle punching depths differed remarkably from each other, only slight differences in load loss were observed. The load loss of -5H for the first impact was 3854 N, which was only 0.5% and 10.1% higher than those of -3H and -1H, respectively. The load losses recorded from 2nd to 6th impacts were also similar. The same trend was observed in CCL (Figure 6b). The capacity loss increased with increasing number of impact times and needle punch depth.  The reason may be that thickness influenced the cushioning capacity minimally. Another possible explanation is that thickness influenced the property of the composites and, however, deeper needle punching enables the vertical orientation of fibers and produces longer pegs that can buffer incident forces more efficiently. Therefore, the effects of needle punching depth on cushioning capacity were moderate.


Figure 6. Effects of needle punching depth on (a) load loss and (b) CCL at different impact times.

[bookmark: OLE_LINK24]Figure 7 depicts the effects of fiber blending ratio on the load loss and CCL of hybrid composites with identical areal density and thickness. The load loss of the composites decreased slightly (≤10%) with increasing fiber blending ratios. This phenomenon is due to the relatively fewer number of thermal-bonding points in hybrid composites with higher CHP ratio, which provides an infirm supporting structure in the thickness direction, causing fiber slippage. The load loss increased in sample 60H/40C because fewer bonding points restrict a considerable portion of CHP that could buffer the applied force and allow recovery to the original position depending on the crimp structure. Consequently, areal density and fiber blending ratio significantly influenced the cushioning property of hybrid composites under multiple impacts. On the other hand, load loss of N-L sample under every impact was much lower than the peak load of every hybrid laminated composite sample (Figure 8). The CCL of N-L for the 2nd to 6th changed from 37.1 to 65.3, which meant the cushioning capacity of the N-L sample lost more significantly than the hybrid composites. Therefore, the hybrid laminated composites had distinct cushioning capacity.

Figure 7. Effects of fiber blending ratio on (a) load loss and (b) CCL at different impact times.

Figure 8. Cushioning property of N-L.

Compressive properties
Compressive properties
Hardness (50% CFD) was utilized to evaluate the load bearing properties of the hybrid composites under compression. The support factor, or compression modulus, provides an indication of the cushioning ability. The value of common polyurethane foam ranges from 1.8–3.0[endnoteRef:26]. Load drift exhibits after the peak load because of stress relaxation after the deflection maintaining for 60 s. Table 2 presents the load drift rate of the hybrid composites with various constructions. It is apparent that the drift rate was enhanced with the increase in areal density because more thermal bonding structure collapse in the sample with high-density thermal bonding fibers. In terms of composites with various needle punching depths, -1H performed the highest drift rate because the already compact fibrous structure was deformed and could recover difficultly. CHP fiber content influenced the thermal bonding structure so that when the sample with CHP fibers was loaded by plane plate, the crossing point without bonding point would not  rupture to absorb energy and therefore, the changes of the compression force was also decreased. N-L showed the highest drift rate which meant that the hybrid laminated composites had more stable compression resistance capacity than the non-laminated thermal bonding composites.  [26:  Polyurethane foam association.  In Touch. Published online: 1993:3(1) ] 

[bookmark: OLE_LINK13][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17]Figure 9 shows the hardness and support factor of the hybrid composites with different areal densities, needle punching depths, and fiber blending ratios. Hardness was promoted by increasing areal density because the formation of vertically oriented fibers was restricted to consolidate the deformation of the mesh structure (Figure 9a). Increases in needle punching depth also improved the hardness remarkably because the compacted structure had high density and vertically arranged stubs (Figure 9b). Sample -1H, which had a hardness of 47.57 N, was the hardest sample tested. Crimped fibers replaced a portion of biocomponent HRBP to reduce the number of thermal bonding points and tended to slip into new balanced positions under constant pressure. Therefore, with the increase in CHP ratio, compression stress relaxation increased during the maintaining test and the hardness slightly decreased (Figure 9c). 

Table 2. Drift rate of hybrid composites in hardness test.
	Sample code
	N-L
	400H
	500H
	600H
	700H
	-5H
	-3H
	-1H
	90H/10C
	80H/20C
	70H/30C
	60H/40C

	Drift rate (%)
	37.96±1.24
	15.97 ±0.09
	16.35±0.14 
	17.29±0.15
	17.80 ±0.34
	14.47±0.30 
	17.05±0.08 
	23.31 ±0.41
	16.19 ±0.35
	15.69 ±0.58
	14.09 ±0.12
	12.84 ±0.41



[bookmark: OLE_LINK18][bookmark: OLE_LINK19]The effects of various parameters on the support factor illustrate a different trend. The support factors of hybrid composites with various areal densities were plotted at approximately 5.2, which only slightly differed from their supporting capacity (Figure 9a). This similarity is because that the same materials and fabrication process applied on the homogenous center ply eliminated the effects of different areal densities. The support factor was enhanced from 5.08 for -5H to 8.99 for -3H and increased dramatically to 74.06 for -1H (Figure 9b). This phenomenon is attributed to the extraordinary compression resistance of the compacted structure, which is more significant in deeper IFDs and results in larger differences between 65% IFD and 25% IFD as the needle punching depth increases. The trend decreased first apparently and then moderately by the influence of increasing fiber blending ratio (Figure 9c). Similar to that in hardness, slippage of the CHP fibers was a significant factor that affects compression stress relaxation to become heavier with increasing CHP ratio. Thus, fiber assemblies with low restriction exhibit weak supporting and cushioning capacities. 


Figure 9. Compressive properties of the hybrid composites with various (a) areal densities, (b) needle punching depths, and (c) fiber blending ratios.

Hysteresis Loss
To estimate the potential cushioning and recovering capacities of the composites, loading and unloading curves were obtained; the difference between the loading and unloading energies is the energy absorbed during compression. In hybrid composites, CFD hysteresis loss mainly indicates the cushioning and retracting properties of the center-ply layer and IFD hysteresis loss is related to the stiffness and tensile strength of the cover-ply layer to dissipate potential energy to the materials around the compression plate.
[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Figure 10 shows the compression response of 75% CFD. The effects of hybrid composites with various areal densities on CFD response are illustrated in Figure 10(a). The peak load increased with increasing areal density and the same to contact force at every displacement point because of the increased resistance to deformation of the composite structures. The hysteresis losses observed are shown in Table 3. Increasing the areal density of the center-ply layer of the hybrid composites induced the promotion of hysteresis loss because of the inferior recovery ability generated by the collapse of the thermal bonding structure. The comparison of the internal structures of the original hybrid composite and compressed samples is show in Figure 11. As illustrated in Figure 11 (a), smooth fibers are distributed homogenously and bonded through intact thermal bonding points to form the original hybrid composite. After being compressed (Figure 11b), distinct wrinkles are exhibited on the surface of the fibers. Thermal bonding points rupture and generate debris, which also cause fibrillation phenomenon of HRBP fibbers. Therefore, the thermal bonding structure collapses significantly. Hybrid composites with relatively deep needle punching exhibited increased density, reduced bulkiness, and restricted fiber flexibility. Thus, compression resistance and recovery resistance were enhanced with the increase in the needle punching depth; hysteresis loss increased from 49.09% to 66.08% as the needle punching depth varied from -5 mm to -1 mm (Figure 10b). Figure 10(c) demonstrates that the resilience property of the hybrid composites improved with the promotion of CHP ratio. This trend is opposite that observed from the effects of CHP ratio on the support factor because the hysteresis loss is used to evaluate the instantaneous compression behavior with minimal stress relaxation, whereas the support factor is based on the delayed test. As such, additional CHP with excellent resilience could improve the recovery and decrease the hysteresis loss of the hybrid composites. 


Figure 10. CFD hysteresis loss curves of the hybrid composites with various (a) areal densities, (b) needle punching depths, and (c) fiber blending ratios.

Table 3. CFD and IFD hysteresis losses
	Sample Code
	CFD Hysteresis Loss (%)
	IFD Hysteresis Loss (%)

	N-L
	56.75 ± 0.67
	59.26 ± 0.60

	400H
	51.99 ± 0.11
	57.93 ± 0.37

	500H
	53.98 ± 0.08
	55.73 ± 0.92

	600H
	54.09 ± 0.06
	54.54 ± 0.51

	700H
	57.51 ± 0.13
	54.50 ± 0.56

	-5H
	49.09 ± 0.08
	54.00 ± 0.33

	-3H
	55.35 ± 0.11
	62.87 ± 0.16

	-1H
	66.08 ± 0.93
	53.89 ± 0.48

	90H/10C
	54.60 ± 0.21
	53.72 ± 0.07

	80H/20C
	53.68 ± 0.58
	52.99 ± 0.09

	70H/30C
	49.13 ± 0.13
	51.31 ± 0.31

	60H/40C
	47.05 ± 0.10
	50.33 ± 0.39



[bookmark: OLE_LINK26][bookmark: OLE_LINK39]
Figure 11. SEM photographs of the internal structure of the hybrid composites before (a) and after (b) compression.

Figure 12 shows the compression behavior of the composites at 75% IFD, and the hysteresis losses are tabulated in Table 3. The inclining and declining slopes in the linear elasticity and plateau regions of 75% IFD were generally higher than those of 75% CFD because of the support and energy dissipation by the rest part of the composites. The support also eliminated differences between different samples with various areal densities and fiber blending ratios, as shown in Figures 12(a) and 12(c), respectively, which indicates similar load–deflection curves. Increases in areal density decreased hysteresis loss, a trend that contrasts that of CFD. A higher areal density provides a denser and more solid supporting network to reduce energy loss during the recovery process. However, compacted -3H composites tend to have a larger number of thermal bonding points that can collapse and, thus, reduced ability to recover (Figure 12b). Completely restricted fibers in the excessively compacted sample -1H showed a high entanglement degree and extensive vertical arrangement, which reduced the effects of instantaneous compression and recovery and eliminates hysteresis loss. 
[bookmark: OLE_LINK53][bookmark: OLE_LINK54]A comparison of stress-strain curves between CFD and IFD is illustrated in Figure 13.  It is apparent that in plateau region, the indentation curve of IFD of hybrid laminated composites is higher than the compression curve of CFD while the recovery curve of IFD is lower than that of CFD, which means that the indentation stress is higher than compression stress but the recovery stress of IFD is a little lower. The hysteresis loss of IFD is consequently higher than CFD. After Inflection point, compression stress increases rapidly in densification region and the peak stress is much higher than the IFD. The calculated result revealed that the hysteresis loss of IFD also slightly decreased with increasing CHP ratio because of the increase in resilience property under instantaneous stress. The CFD and IFD curves of N-L composites are both lower than those of hybrid laminated composites and, however, the corresponding stress-strain curves have similar tendencies (Figure 13b).  The slope in plateau and densification regions of CFD and IFD of N-L are both lower than the hybrid laminated composites, which means that the compression and recovery resistances of N-L are both much lower than the hybrid laminated composite. The main reason is that the N-L sample has no reinforcement laminates to dissipate the compression energy to the surrounding materials and then, the materials is more easily to be compressed without the support.


[bookmark: OLE_LINK33][bookmark: OLE_LINK38]Figure 12. IFD hysteresis loss curves of the hybrid composites with various (a) areal densities, (b) needle punching depths, and (c) fiber blending ratios.
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[bookmark: OLE_LINK55][bookmark: OLE_LINK56]Figure 13. Comparison of recovery curves between CFD and IFD of (a) hybrid laminated composite and (b) N-L composite samples. 

Conclusion
High-resilience thermally bonded cushioning hybrid composites were successfully prepared in this study. The effects of areal density, needle punching depth, and fiber blending ratio on the cushioning and compressive properties of the resultant composites were investigated. Results showed that the delamination mechanisms of the hybrid composites include fiber fracture, thermal-bonding points debonding, and pull-out friction of pegs. The resistance to delamination was enhanced with the increase in areal density and needle punching depth and decreased with the addition of CHP ratio. The dominant factors influencing drop-weight cushioning were real density and fiber blending ratio. For compression properties, increases in areal density and needle punching depth significantly improved hardness; the effects of CHP ratio exhibited an opposite trend. Support factor values obtained showed that the hybrid composites exhibit remarkable supporting and cushioning capacities. The support factor values remained stable under various areal densities and varied significantly under different needle punching depths and fiber blending ratios because of compression stress relaxation. The hysteresis behaviors of CFD and IFD based on instantaneous stress were investigated, and the mechanism of hysteresis loss was determined to be collapse of the thermal bonding structure. The results also showed the contrasting effects of areal density on hysteresis losses of CFD and IFD because of energy dissipation. Increases in CHP reinforced the immediate resilience of the hybrid composites and helped eliminate hysteresis loss. As such, the high-resilience thermal-bonding hybrid composites exhibited excellent cushioning and compression resistance properties. 
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