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Abstract

:

Tensile and compressive properties of interlayer and intralayer hybrid composites were investigated in this paper. The tensile modulus and compression modulus of interlayer and intralayer hybrid composites are the same under the same mixed ratio, the tensile strength is much superior to the compression strength, and while the tensile modulus and strength increase along with the carbon fiber content, the compression values change slightly. The influence of stacking structures on the tensile and compressive strengths is opposite to the ratio of T/C (tensile/compression) strength for interlayer hybrid composites, and while the tensile and compression strengths with glass fiber sandwiching carbon fiber can reach the maximum value, the ratio of T/C strength is minimum. For structures with carbon fiber sandwiching glass fiber, or with asymmetric structures, the tensile and compressive strengths are at a low value. For intralayer hybrid structures, while the carbon/glass (C/G) dispersion degree is high, the tensile and compression strengths are low. The experimental tensile and compressive strengths for interlayer and intralayer hybrid composites are greater than the theoretical values, which demonstrates that strength conforms well to the positive hybrid effect. The tensile fracture strain is greater than the compression fracture strain for hybrid composites, with both of them basically maintained at the same level.
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1. Introduction


Due to high price of carbon fiber, hybrid composites composed of two or more fiber materials have been developed for cost reduction [1]. Hybrid composites not only embody the advantages of a single fiber, but can achieve complementary advantages of two materials; excellent physical and mechanical properties make hybrid composites widely applicable in many fields [2,3,4,5,6,7]. Currently, extensive work centers on the mechanical properties of hybrid composites [8,9,10,11,12,13,14]. Manders et al. [13] investigated tensile properties of carbon/glass hybrid composites with various fiber contents and layer structures to explore the impact factors of the hybrid effect. Phillips L N [15] studied hybrid composites and found that its mechanical properties, including tensile, impact, and fatigue properties, are better than in pure carbon fiber or glass fiber composites. Dong et al. [16,17] revealed that the hybrid effect is obvious since there is a distinct Young modulus difference between carbon and glass fiber, and an optimal mixed ratio has been obtained via theoretical analysis. Li et al. [18] studied the compression properties of UHMPEF/carbon hybrid composites and found the experimental compressive strength is basically consistent with theoretical values via the rule of mixture (ROM), and compressive fracture strain exhibits the positive hybrid effect.



In addition, a difference between the tensile and compressive properties of fiber and composites exists due to fiber buckling and production problems, which have been confirmed in many papers, with some authors having studied the tensile and compressive properties from the fiber viewpoint. Greenwood et al. [19] studied aramid fiber and found a highly oriented crystalline cellulose structure makes the tensile strength of fiber stiff, which makes it easy to form a kink band under the compressive loading contributing to compressive strength only accounting for 20% of the tensile strength. Oya et al. [20] found the compressive strength of PAN (polyacrylonitrile)-based carbon fiber only accounts for 30–50% of the tensile strength, and the compression modulus in the longitudinal direction was calculated by the Euler buckling method and accounts for 50% of the tensile modulus. Bos et al. [21] found that flax fiber has a high compression-to-tensile ratio of 80% in the loop test. Meng et al. [22] found the average ratio of tensile to compressive modulus is 0.9 due to misalignment of fiber and production problems (porosity content). In addition, the inclination angle of fiber was measured using an indirect method and the inclination angle distribution of fiber was given.



In addition to the fiber investigation, some researchers studied the tensile and compressive properties of composites. Zobeiry et al. [23] developed a model to explain the failure mechanism of composite under tension and compression, where the tensile failure is mainly due to the kink band, which is the reason for the formation of fiber failure and resin fracture or yielding. The ratio of tensile and compressive strength of flax and bamboo composites was found to be 60%, and the compression properties of coir fiber composites were even better than the tensile properties [24]. Tensile and compressive testing combined with computed tomography (CT) were adopted to investigate the tensile failure in a laminate and the fiber wrinkling under compression [25]. Mujika et al. [26] determined the ratio of tension and compression moduli by two experiments of four-point bending. Liu et al. [27] studied the tensile/compressive properties of PVA (polyvinyl alcohol)-based, cement-matrix composites. The ratio of tensile/compressive strength was regarded as an important parameter to evaluate the brittleness of cement; a smaller ratio of value indicates a larger brittleness and a smaller toughness. Choi et al. [28] studied the tensile and compression properties of several concrete composites and found the ratio of tensile to compressive strength is 19.8% on average, which is almost twice that of normal concrete. Hartl et al. [29] confirmed that the compression/tensility of short glass fiber-reinforced polypropylenes has a stress-strain asymmetric behavior, and the ratio of compressive to tensile strength can reach 1.3 due to the fiber misalignment. The tensile and compressive properties of 3D woven carbon-fiber-reinforced composites were studied; while the tensile modulus and compression modulus were nearly the same, the tensile strength was far greater than the compressive strength, which is mainly due to the obvious crimp of 3D fabric. The resin breaks easily while subjected to the compressive loading, then delaminates, and then the sample fails [30]. Prabhakaran et al. [31] compared the tensile and compressive properties of hybrid composites and found the tensile and compressive moduli and strengths are consistent with previous conclusions [30].



This paper systematically designed carbon/glass interlayer and intralayer hybrid structures and studied the effect of mixed ratios and hybrid structures on the tensile and compressive properties of hybrid composites. In addition, ratios of tensile/compressive (T/C) strength were studied and analyzed.




2. Materials and Methods


2.1. Experimental Materials


Carbon fiber, glass fiber, and epoxy resin were supplied by TORAY Inc. (Tokyo, Japan), CPIC Inc. (Chongqing, China), and SWANCOR Inc. (Shanghai, China), respectively. Five kinds of unidirectional Non-Crimp Fabrics (NCF), including pure carbon and glass fiber fabric and three kinds of hybrid fabrics, were designed and manufactured. Mechanical parameters of raw materials and fabric structures are given in Table 1 and Table 2. Structure diagrams of intralayer hybrid fabric are shown in Figure 1.




2.2. Layer Structures Schemes of Interlayer Hybrid Structures


With regard to interlayer hybrid composites, four C/G hybrid ratios with various hybrid structures were designed by altering stacking sequences of pure carbon and glass fiber fabric. Interlayer hybrid structures are shown in Table 3. For interlayer hybrid structures with various C/G hybrid ratios, the number of layers in a laminate was not the same. When C:G = 1:2, a laminate contained only three layers; for C:G = 1:4, a laminate contained five layers.




2.3. Schemes Design of Intralayer Hybrid Structures


Three kinds of intralayer hybrid fabrics were used, and dispersion degrees were achieved through variations in dislocation arrangements of carbon and glass fiber bundles in various layers as shown in Table 4. The number indicates the dispersion degree; for example, for the structure [C-C-G-G]-0, the carbon and glass bundles were aligned with the upper and lower layers, and the structure [C-C-G-G]-0.5 indicates the fabric translated horizontally the half-width of one bundle.




2.4. Experiments


Vacuum-assisted resin transfer molding process (VARTM) was used to prepare composite laminates; the detailed process is referred to in reference [32]. Tensile testing and compression testing were conducted according to the ASTM D3039 Standard [33] and ASTM D6641 [34] separately. Due to variations in failure speeds and modes of carbon and glass fiber, the force attenuation rate was set to 50% as the experimental end parameter.



Five specimens of each laminate were tested, and sample width of tensile and compression testing for interlayer hybrid composites based on the standards was set to 15 mm and 13 mm, respectively. The specimen width for intralayer hybrid composites was set to the width of a minimum repeating unit. In order to avoid the effect of boundary condition on the mechanical properties, carbon and glass bundles in a specimen were distributed symmetrically. Specimen width and cutting positions of three intralayer hybrid composites are shown in Figure 2.



The fiber volume content was kept at 50% and the thickness of each layer in a laminate was 0.8 mm, therefore, dimensions of each laminate were not same and depended on the number of layers and the hybrid forms. The size parameters of composites are listed in Table 5.





3. Results and Discussions


3.1. Tensile and Compressive Properties of Interlayer Hybrid Composites


Tensile and compression moduli, strengths, and fracture strains of interlayer hybrid composites with various mixed ratios and stacking sequences were compared in Figure 3, Figure 4 and Figure 5, and the effect of hybrid ratios and layer structures on the tensile and compressive properties were analyzed.



As seen from Figure 3, the tensile and compression moduli of interlayer hybrid composites are very close and mainly determined by the factor C/G mixed ratio; the tensile and compression moduli increase gradually as the carbon fiber content increases. Under the same C/G mixed ratio, tensile and compression moduli of interlayer hybrid composites with various hybrid structures change slightly.



Comparison of tensile and compression strengths of interlayer hybrid composites is shown in Figure 4. It was found that the tensile strength is superior to the compression strength, moreover, the tensile strength increases obviously along with the carbon fiber content while the compression strength only changes slightly. Fiber-reinforced composites consist of fiber and resin matrix; while subjected to the tensile loading, fiber along the longitudinal direction mainly assumes the force, and the tensile strength is determined by the tensile properties of the reinforced fiber. However, when composites are subjected to a compression loading, the fiber and the resin assume the force, which will affect the compression strength of composites in common, therefore, the tensile and compression properties of composites exhibit a difference.



Under the same C/G mixed ratio, the tensile and compression strengths of interlayer hybrid composites are highly correlated with the stacking sequences. Excellent strength can be achieved for glass fiber sandwiching carbon fiber, like [G/G/C/G/G], [G/C/G/G/G], [G/C/G], [G/C/C/G]. For symmetric structures with carbon fiber sandwiching glass fiber like [C/G/G/C], or asymmetric interlayer structures, like [C/G/G/G/G], [C/G/G/G], [C/G/G], [C/C/G/G], the tensile and compression strengths are maintained at a low level.



Tensile and compression fracture strains of interlayer hybrid composites are shown in Figure 5. The tensile fracture strain is greater than the compression fracture strain, and both the strains drop slightly as the carbon fiber content increases.




3.2. Tensile and Compressive Properties of Intralayer Hybrid Composites


In this part, tensile and compression moduli, strengths, and fracture strains of intralayer hybrid composites with various mixed ratios and hybrid structures were investigated and results are shown in Figure 6, Figure 7 and Figure 8.



In Figure 6, it was concluded that the tensile and compressive moduli increase as the carbon fiber content increases for intralayer hybrid composites. Under the same mixed ratio, the modulus maintains at the same level which is independent of the hybrid structures. The tensile and compression moduli of various layer structures are basically identical with little carbon fiber, like C:G = 1:4, 1:2, however, the compression modulus of C:G = 1:1 tends to be slightly lower than the tensile modulus.



Figure 7 revealed that the tensile strength of intralayer hybrid composites is much greater than the compression strength. The difference is around 100%, and the tensile strength increases as the carbon fiber content increases, while the compression strength appears to be independent of the hybrid structures and the hybrid ratios. Under the same mixed ratio, the effect of hybrid structures on the tensile and compression strengths is small, and the compressive strength is at a lower level. With a high C/G mixed dispersion degree, such as [C-G-G-G-G]-2.5, [C-G-G]-1.5, and [C-C-G-G]-2, the tensile strength drops; it is assumed the carbon fiber breakage results in the glass fiber damage leading to a comparatively low strength of intralayer hybrid composites.



In Figure 8, it can be concluded that the tensile fracture strain of intralayer hybrid composites decreases slightly as the carbon fiber content increases, and the tensile strain is higher than the compressive strain. In addition, the fracture strain tends to be lower if the C/G dispersion degree is high.




3.3. Comparison of Tensile and Compressive Properties of Interlayer and Intralayer Hybrid Composites


Ratio of tensile/compression (T/C) strength is defined to illustrate the relationship between tensile and compressive properties of hybrid composites as formula (1). A small T/C ratio indicates the tensile strength is close to the compression strength.


   R  T : C   =    σ T     σ C     



(1)




where RT:C denotes the ratio of T/C strength, σT and σC are the tensile strength and compression strength of composites (MPa), respectively.



Figure 9 reports ratios of T/C strength for interlayer hybrid composites with various mixed ratios and hybrid structures. It can be found that ratios of T/C strength increase along with the carbon fiber content overall, which indicates the difference between tensile and compression strengths becomes larger. Under the same C/G mixed ratio, ratios of T/C strength with glass fiber sandwiching carbon fiber, such as [G/G/C/G/G], [G/C/G/G], [G/C/G], [G/C/C/G], are the minimum. With regard to structures with carbon fiber sandwiching glass fiber, like [C/G/G/C], or with carbon fiber locating in one surface, like [C/G/G/G/G], [C/G/G/G], [G/G/C], ratios of T/C strength can reach up to a high level.



Ratios of T/C strength of intralayer hybrid composites with various mixed ratios and hybrid structures are shown in Figure 10. There is not a clear law to describe the relationship between the ratio of T/C and the carbon fiber content, however, under the same C/G hybrid ratio, with a small dispersion degree like 0.5, structures have high ratios of T/C, while the composites with a high dispersion degree can reach low ratios of T/C.



In order to evaluate the hybrid effect efficiently, ROM (Rule of Mixture) is introduced. ROM is a method to calculate mechanical properties of hybrid composites according to the ratio of two materials:


   E  R O M   =    E C   V  f C      V  f C   +  V  f G     +    E G   V  f G      V  f C   +  V  f G      



(2)




where    E  R O M     is the compression modulus of hybrid composite (GPa);    E C   ,    E G    are the compression moduli of carbon fiber and glass fiber composite (GPa), respectively;    V  f C    ,    V  f G     are the volume contents of carbon fiber and glass fiber composite, respectively.



Experimental and theoretical values of tensile and compression moduli for interlayer and intralayer hybrid composites are shown in Figure 11. It was found that tensile and compression moduli increase linearly along with the carbon fiber content, and the compression modulus is lower than the tensile modulus, but almost the same.



The tensile modulus is superior to the compression modulus resulting from the structure of NCF fabric. Figure 12a shows the ideal structure of the NCF fabric and Figure 12b is the real fabric. Due to the weaving process, warp yarns in a fabric are constrained via stitching yarns in an unbalanced force, leading to a certain buckling of warp yarns. As the composite is subjected to a tensile loading, fiber and yarns along the longitudinal direction are gradually stretched, and high modulus of fiber will be fully utilized. However, as the specimen assumes a compressive force along the fiber axis, the buckling fiber and yarns have no chance to stretch, therefore, the compression modulus is low.



Theoretical stress and strain are not a simple superposition according to the ROM due to difference in fracture strain of carbon and glass fiber. As the compressive strain reaches the fracture strain of carbon fiber, carbon fiber fails first, and glass fiber assumes the residual load until the specimen fails. Calculations of compression stress are shown in (3) and (4).


  Before   carbon   fiber   fracture :    σ  HY   =  (   V C   E C  +  V G   E G   )  ε  



(3)






  After   carbon   fiber   fracture :    σ  HY   =  V G   E G  ε  



(4)




where    σ  HY     is the compression stress of hybrid composite (MPa);    V C   ,    V G    are the volume contents of carbon fiber and glass fiber composite, respectively;    E C   ,    E G    are the compression moduli of carbon fiber and glass fiber composite (GPa), respectively; and  ε  is the strain of hybrid composite.



The relationship between the carbon fiber fraction and strength is illustrated in Figure 13. Comparisons of experimental and theoretical results showed that tensile strength of hybrid composites appears to increase much more obviously than the compressive strength along with the carbon fiber content, and the compressive strength tends to drop first and then rise later. Experimental values are higher than theoretical ones, which indicates the tensile and compression strengths of hybrid composites conform well to the positive hybrid effect.



When the carbon fiber content ranges from 0% to 20%, the tensile and compression fracture strains of hybrid composites, shown in Figure 14, decrease slightly. Nevertheless, the decrease of fracture strain drops slowly with the carbon fiber content ranging from 20% to 100%. As the fracture energy release of little carbon fiber is not sufficient to cause a complete failure of the specimen rapidly, the damage exhibits a progressive failure. When the carbon fiber content increases to a certain fraction, the fracture energy release of carbon fiber leads to a rapid failure of hybrid composites, and the fracture strain is close to the pure carbon fiber composites.





4. Conclusions


Tensile and compressive properties of interlayer and intralayer hybrid composites were studied in this work.



(1) The tensile modulus and compression modulus of interlayer and intralayer hybrid composites are basically the same under the same mixed ratio, and they increase linearly along with the carbon fiber content. Variations in hybrid structures have no effect on the tensile and compression moduli.



(2) Analysis of tensile strength and compression strength of interlayer and intralayer hybrid composites revealed that the tensile strength is significantly greater than the compression strength resulting from the warp bulking. The tensile strength increases along with the carbon fiber content, and the compression strength changes slightly.



(3) The tensile fracture strain is greater than the compression fracture strain for interlayer and intralayer hybrid composites; both of them drop slightly as the carbon fiber content increases, and for intralayer hybrid composites, the strain tends to be lower as the C/G dispersion degree is high.



(4) Ratios of T/C strength for interlayer and intralayer hybrid composites increase as the carbon fiber content increases. For interlayer hybrid composites with the same C/G mixed ratio, the ratio of T/C strength with glass fiber sandwiching carbon fiber is the minimum. By contrast, the ratio of T/C strength with carbon fiber sandwiching glass fiber or with carbon fiber distributed in one side can reach the maximum level. For intralayer hybrid composites, the effect of stacking structures is small, and for some dispersion degree, the structures can achieve a low ratio of T/C. Tensile and compression strengths of hybrid composites are larger than the theoretical values, which conform to the positive hybrid effect.







Author Contributions


The manuscript was completed through contributions of all authors. W.L. provided the idea for this program and participated in the discussion for experimental plans. Q.W. designed the hybrid fabrics and performed the testing. W.W. analyzed the data and wrote the paper.




Funding


This research was funded by the Innovation Funding for Graduates of Donghua University, grant number CHSF-DH-D-2016019.




Acknowledgments


I sincerely appreciate the funding from Donghua University, so I could complete the research work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kretsis, G. A review of the tensile, compressive, flexural and shear properties of hybrid fiber-reinforced Plastics. Composites 1987, 18, 13–23. [Google Scholar] [CrossRef]

	



Yan, L.; Kou, K. New fibre material used in advanced composite material. Mater. Rev. 2004, 3, 61–63. [Google Scholar]

	



Haery, H.A.; Zahari, R.; Kuntjoro, W.; Taib, Y.M. Tensile strength of notched woven fabric hybrid glass, carbon/epoxy composite laminates. J. Ind. Text. 2014, 43, 383–395. [Google Scholar] [CrossRef]

	



Taketa, I.; Ustarroz, J.; Gorbatikh, L.; Lomov, S.V.; Verpoest, I. Interply hybrid composites with carbon fiber reinforced polypropylene and self-reinforced polypropylene. Compos. Part A 2010, 41, 927–932. [Google Scholar] [CrossRef]

	



Atiqah, A.; Maleque, M.; Jawaid, M.; Iqbal, M. Development of kenaf-glass reinforced unsaturated polyester hybrid composite for structural applications. Compos. Part B 2014, 56, 68–73. [Google Scholar] [CrossRef][Green Version]

	



Jawaid, M.; Khalil, H.A. Cellulosic/synthetic fibre reinforced polymer hybrid composites: A review. Carbohydr. Polym. 2011, 86, 1–18. [Google Scholar] [CrossRef]

	



Satyanarayana, K.G.; Arizaga, G.G.; Wypych, F. Biodegradable composites based on lignocellulosic fibers—An overview. Prog. Polym. Sci. 2009, 34, 982–1021. [Google Scholar] [CrossRef]

	



Dong, C.; Davies, I.J. Optimal design for the flexural behaviour of glass and carbon fibre reinforced polymer hybrid composites. Mater. Des. 2012, 37, 450–457. [Google Scholar] [CrossRef]

	



Dong, C.; Ranaweera-Jayawardena, H.A.; Davies, I.J. Flexural properties of hybrid composites reinforced by S-2 glass and T700S carbon fibres. Compos. Part B 2012, 43, 573–581. [Google Scholar] [CrossRef]

	



Marom, G.; Fischer, S.; Tuler, F.; Wagner, H. Hybrid effects in composites: Conditions for positive or negative effects versus rule-of-mixtures behaviour. J. Mater. Sci. 1978, 13, 1419–1426. [Google Scholar] [CrossRef]

	



Miwa, M.; Horiba, N. Effects of fibre length on tensile strength of carbon/glass fibre hybrid composites. J. Mater. Sci. 1994, 29, 973–977. [Google Scholar] [CrossRef]

	



Zweben, C. Tensile strength of hybrid composites. J. Mater. Sci. 1977, 12, 1325–1337. [Google Scholar] [CrossRef]

	



Manders, P.W.; Bader, M. The strength of hybrid glass/carbon fibre composites. J. Mater. Sci. 1981, 16, 2233–2245. [Google Scholar] [CrossRef]

	



Oya, N.; Hamada, H. Effects of reinforcing fibre properties on various mechanical behaviors of unidirectional carbon/epoxy laminates. Sci. Eng. Compos. Mater. 1996, 5, 105–130. [Google Scholar] [CrossRef]

	



Phillips, L. The hybrid effect—Does it exist? Composites 1976, 7, 7–8. [Google Scholar] [CrossRef]

	



Dong, C.; Davies, I.J. Flexural and tensile strengths of unidirectional hybrid epoxy composites reinforced by S-2 glass and T700S carbon fibres. Mater. Des. 2014, 54, 955–966. [Google Scholar] [CrossRef]

	



Dong, C.; Davies, I.J. Flexural and tensile moduli of unidirectional hybrid epoxy composites reinforced by S-2 glass and T700S carbon fibres. Mater. Des. 2014, 54, 893–899. [Google Scholar] [CrossRef]

	



Li, Y.; Xian, X.; Choy, C.; Guo, M.; Zhang, Z. Compressive and flexural behavior of ultra-high-modulus polyethylene fiber and carbon fiber hybrid composites. Compos. Sci. Technol. 1999, 59, 13–18. [Google Scholar] [CrossRef]

	



Greenwood, J.H.; Rose, P.G. Compressive behaviour of Kevlar 49 fibres and composites. J. Mater. Sci. 1974, 9, 1809–1814. [Google Scholar] [CrossRef]

	



Oya, N.; Johnson, D.J.; Hamada, H. Longitudinal compressive behaviour and microstructure of PAN-based carbon fibres. Carbon 2001, 39, 635–645. [Google Scholar] [CrossRef]

	



Bos, H.L.; Oever, M.J.A.V.D.; Peters, O.C.J.J. Tensile and compressive properties of flax fibres for natural fibre reinforced composites. J. Mater. Sci. 2002, 37, 1683–1692. [Google Scholar] [CrossRef]

	



Meng, M.; Le, H.R.; Rizvi, M.J.; Grove, S.M. The effects of unequal compressive/tensile moduli of composites. Compos. Struct. 2015, 126, 207–215. [Google Scholar] [CrossRef][Green Version]

	



Zobeiry, N.; Forghani, A.; Mcgregor, C.; Vaziri, R.; Poursartip, A. progressive damage modeling of composite materials under both tensile and compressive loading regimes. Mech. Resp. Compos. 2008, 10, 179–195. [Google Scholar]

	



Vuure, A.W.V.; Baets, J.; Wouters, K.; Hendrickx, K. Compressive properties of natural fibre composites. Mater. Lett. 2015, 149, 138–140. [Google Scholar] [CrossRef]

	



Pinho, S.T.; Robinson, P.; Iannucci, L. Fracture toughness of the tensile and compressive fibre failure modes in laminated composites. Compos. Sci. Technol. 2006, 66, 2069–2079. [Google Scholar] [CrossRef][Green Version]

	



Mujika, F.; Carbajal, N.; Arrese, A.; Mondragon, I. Determination of tensile and compressive moduli by flexural tests. Polym. Test. 2006, 25, 766–771. [Google Scholar] [CrossRef]

	



Liu, S.; Yan, C.; Zhang, J.; Zhang, H.; Wang, Z. Experimental study of ratio between splitting tensile strength and compressive strength pva fiber cementitious composites. J. Civ. Archit. Environ. Eng. 2013, S1, 134–138. [Google Scholar]

	



Choi, J.I.; Bang, Y.L.; Ranade, R.; Li, V.C.; Yun, L. Ultra-high-ductile behavior of a polyethylene fiber-reinforced alkali-activated slag-based composite. Cem. Concr. Compos. 2016, 70, 153–158. [Google Scholar] [CrossRef]

	



Hartl, A.M.; Jerabek, M.; Freudenthaler, P.; Lang, R.W. Orientation-dependent compression/tension asymmetry of short glass fiber reinforced polypropylene: Deformation damage and failure. Compos. Part A 2015, 79, 14–22. [Google Scholar] [CrossRef]

	



Dai, S.; Cunningham, P.R.; Marshall, S.; Silva, C. Influence of fibre architecture on the tensile, compressive and flexural behaviour of 3D woven composites. Compos. Part A 2015, 69, 195–207. [Google Scholar] [CrossRef][Green Version]

	



Prabhakaran, D.; Andersen, T.L.; Markussen, C.; Madsen, B.; Lilholt, H. Tensile and compression properties of hybrid composites—A comparative study. In Proceedings of the 19th International Conference on Composite Material, ICCM19, Montreal, QC, Canada, 28 July–2 August 2013. [Google Scholar]

	



Wu, W.; Wang, Q.; Ichenihi, A.; Shen, Y.; Li, W. The Effects of Hybridization on the Flexural Performances of Carbon/Glass Interlayer and Intralayer Composites. Polymers 2018, 10, 549. [Google Scholar] [CrossRef]

	



ASTM Committee D-30 on Composite Materials. Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials; ASTM International: West Conshohocken, PA, USA, 2008. [Google Scholar]

	



Standard, A. Standard Test Method for Compressive Properties of Polymer Matrix Composite Materials Using a Combined Loading Compression (CLC) Test Fixture; ASTM: West Conshohocken, PA, USA, 2009. [Google Scholar]








[image: Materials 11 01105 g001 550] 





Figure 1. Schematic structures of three kinds of intralayer hybrid NCFs. 
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Figure 2. Schematics of cutting location for intralayer hybrid composites: (a) [C-C-G-G]; (b) [C-G-G]; and (c) [C-G-G-G-G]. 
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Figure 3. Tensile and compression moduli of interlayer hybrid composites with various stacking sequences and C/G hybrid ratios. 






Figure 3. Tensile and compression moduli of interlayer hybrid composites with various stacking sequences and C/G hybrid ratios.



[image: Materials 11 01105 g003]







[image: Materials 11 01105 g004 550] 





Figure 4. Tensile and compression strength of interlayer hybrid composites with various stacking sequences and C/G hybrid ratios. 
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Figure 5. Tensile and compression fracture strain of interlayer hybrid composites with various stacking sequences and C/G hybrid ratios. 
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Figure 6. Tensile and compression moduli of intralayer hybrid composites with various stacking sequences and C/G hybrid ratios. 
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Figure 7. Tensile and compression strengths of intralayer hybrid composites with various stacking sequences and C/G hybrid ratios. 
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Figure 8. Tensile and compression fracture strains of intralayer hybrid composites with various stacking sequences and C/G hybrid ratios. 
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Figure 9. Ratio of T/C strength of interlayer hybrid composites. 
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Figure 10. Ratio of T/C strength of intralayer hybrid composites. 
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Figure 11. Experiment and theoretical values of tensile and compression moduli of hybrid composites. 
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Figure 12. NCF Fabric. 
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Figure 13. Experimental and theoretical values of tensile and compression strengths of hybrid composites. 
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Figure 14. Tensile and compression strengths of interlayer and intralayer hybrid composites obtained by experiment and ROM. 
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Table 1. Constituent materials and selected properties.






Table 1. Constituent materials and selected properties.





	Material
	Tensile Strength (MPa)
	Tensile Modulus (GPa)





	CPIC ECT469L-2400 glass fiber
	2366
	78.7



	TORAY T620SC-24K-50C carbon fiber
	4175
	234



	SWANCOR 2511-1A/BS epoxy resin
	73.5
	3.1
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Table 2. Specifications for hybrid fabric.






Table 2. Specifications for hybrid fabric.





	
Fabric Type

	
Areal Density (g/m2)

	
Ratio of C/G




	
Carbon Fiber

	
Glass Fiber






	
carbon

	
728.3

	
0

	
1:0




	
glass

	
0

	
944.9

	
0:1




	
C-G-C-G

	
364.2

	
472.4

	
1:1




	
C-G-G

	
242.8

	
629.9

	
1:2




	
C-G-G-G-G

	
145.7

	
755.9

	
1:4
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Table 3. Stacking configurations of interlayer hybrid structures.






Table 3. Stacking configurations of interlayer hybrid structures.





	
Hybrid Ratio

	
Stacking Sequences






	
C:G = 1:1

	
 [image: Materials 11 01105 i001]

	
 [image: Materials 11 01105 i002]

	
 [image: Materials 11 01105 i003]

	
 [image: Materials 11 01105 i004]




	
[G/G/C/C]

	
[G/C/C/G]

	
[C/G/G/C]

	
[G/C/G/C]




	
C:G = 1:2

	
 [image: Materials 11 01105 i005]
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[G/G/C]

	
[G/C/G]

	

	




	
C:G = 1:3

	
 [image: Materials 11 01105 i007]
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[G/G/G/C]

	
[G/G/C/G]

	

	




	
C:G = 1:4
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[G/G/G/G/C]

	
[G/G/G/C/G]

	
[G/G/C/G/G]
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Table 4. Stacking configurations of intralayer hybrid structures.






Table 4. Stacking configurations of intralayer hybrid structures.





	
Hybrid Fabric

	
Stacking Sequences






	
C-C-G-G

	
 [image: Materials 11 01105 i012]

	
 [image: Materials 11 01105 i013]

	
 [image: Materials 11 01105 i014]




	
[C-C-G-G]-0

	
[C-C-G-G]-1

	
[C-C-G-G]-2




	
 [image: Materials 11 01105 i015]

	
 [image: Materials 11 01105 i016]

	




	
[C-C-G-G]-0.5

	
[C-C-G-G]-1.5

	




	
C-G-G

	
 [image: Materials 11 01105 i017]
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[C-G-G]-0

	
[C-G-G]-1

	
[C-G-G-0].5

	
[C-G-G]-1.5




	
C-G-G-G-G

	
 [image: Materials 11 01105 i021]
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[C-G-G-G-G]-0

	
[C-G-G-G-G]-1

	
[C-G-G-G-G]-2
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 [image: Materials 11 01105 i025]
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[C-G-G-G-G]-0.5

	
[C-G-G-G-G]-1.5

	
[C-G-G-G-G]-2.5
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Table 5. Size parameters of composites.






Table 5. Size parameters of composites.





	
Laminate Structures

	
C/G Hybrid Ratios

	
Layers

	
Laminate Thickness/mm

	
Width/mm

	
Span/mm






	
pure carbon fabric

	
1:0

	
4

	
3.2

	
13

	
64




	
pure glass fabric

	
0:1

	
4

	
3.2

	
13

	
64




	
interlayer laminate

	
1:1

	
4

	
3.2

	
13

	
64




	
1:2

	
3

	
2.4

	
13

	
48




	
1:3

	
4

	
3.2

	
13

	
64




	
1:4

	
5

	
4

	
13

	
80




	
intralayer laminate

	
1:1

	
4

	
3.2

	
20

	
64




	
1:2

	
4

	
3.2

	
15

	
64




	
1:4

	
4

	
3.2

	
25

	
64












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
i1

|
I
E,
s
z
%z
H&z
Ho &
ig
Ng =
=0
I EEEE
$§8gss¢8¢s





media/file4.png
D, ~ AT, T SRR, T AEERRR, T 4N

15 mm

(b)

s 25 mm

(c)






media/file52.png





media/file43.png





media/file18.png
3.0

2.8 1
2.6 1
2.4 -

o 227

1.8 1
1.6 1
1.4 -

1.2

2.0 1

C:.G=0:1 C:G=14 CG=13 C:G=1:2 C:G=1:1 C:G=1:0





media/file21.jpg
Modulus (GPa)

120

110

100

°
8

g8

60
50

40

30

= Interlayer tensile

e Intralayer tensile

4 Interlayer compression
v Intralayer compression
—+—ROM tensile modulus
“—#+— ROM compression modulus

0 20 4'0 Gh
Carbon fiber content (%)

80

100






media/file44.png





media/file26.png
Strength (MPa)

n n n | | I
18004 —®— Theory tensile strength
] —@— Theory compression strength
m Inter-layertensile ~—___ee-="770y
1600 ® Intra-layertensile .- '
l * Inter-layer compression ~__.-""" ,
1400 + ¢ Intra-layer compression -°
1200 - ’
1000 S
800
600 -
400 -
200 - | - | - | - | |

Carbon fiber content (%)






media/file35.png





media/file7.jpg
—e— Tensile strength
—=— Compression strength

Co=1:0





media/file53.png





media/file28.png
Fracture strain (%)

2.4 -

Interlayer tensile

|
o {:-'\\ e Intralayer tensile i
] o e A Interlayer compression
2.0 - ‘e e v Intralayer compression |
i % S i
e R P e
1.6 = ‘\\ = =TTl -
1 e . PY .\
1.4 4 ':',.;\\ ------------------------------------------- c T
1.2 - .
7 Y A TTTeeeeellll
1.0 4 \ A A A ATl _
] . i A A Tl
0.8 - SR ; ¥ ~~~~~~~~~~ _
0.64 T e £ -
| | | | | |
0 20 40 60 80 100

Carbon fiber content (%)






media/file10.png
I_ rFr - r v 1 B
=

b a b
=

- wn -

= i
5 2

nn Q

Iem -
= S

1R

SR

|ﬂ$ b

|bm _

|| & E

o Q

| = O B

LA DL DL DL | | | LA DL DL L

O TN Qe TN RO T A

AN AN AN AN === — O O O O O

(94) UIRI)S dINJORI

1:0

C:.G=

C:G=1:1

=1:2

1:3 C:G

C:.G=

1:4

C.G=

C:G=0:1





media/file45.png





media/file11.jpg
—e— Tensile modulus

—=— Compression modulus

30

1

1204

1104
1004

ocgeogeog g o
] 8 82 RE&=

7
(edD) snnpo






media/file6.png
I_ | | I | | I I | | B
— T IT
B L+ L _l
//_ ].l
i 7 —
- - [..1
| [ 4|
. T — |
S - =
u L
| B - =
I = = _
=
Am m 1
- .m . -
=3 J —
= & I\ —
N
-1 & O —r
= O i
- _ + L —r
LA DL DL DL L | | L ot
o O OO O oo o o o o o O
N — O O X I O n <t oAl -
o o o

(edD) sn[npojN

1:0

C:.G=

C:G=1:1

1:4 C:G=1:3 C:G=1:2

C:G=

C:G=0:1





media/file36.png





media/file15.jpg
—e— Tensile fracture strain

(%) urens aimoel]





nav.xhtml


  materials-11-01105


  
    		
      materials-11-01105
    


  




  





media/file54.png





media/file41.png





media/file2.png
S5mm | 5 mm Smm|Smm | Smm 5mm|5mm Smm :Smm><5mm
D |
GF GF | aF GF GF | GF GF

(a) C-G-C-G (b) C-G-G (¢) C-G-G-G-G





media/file37.png





media/file23.jpg
] i 1 e bcking
| €
] ‘ 1<

(a) Ideal fabric structure (b) Real fabric pattern





media/file24.png
“yBundle buckling

(a) Ideal fabric structure (b) Real fabric pattern

1
|
\
1
!






media/file1.jpg
Smm S mm, Sy S mm 5 mm, 5 mim S mm S mm, | S mm,| 5 mm

]

() CG-CG (®)CGG (©) C-G-G-GG





media/file12.png
]
C:G=1:0

C:G=1:2

09
5 = -

=
. 1% L
|| 8 g -
| 2 o L
-dm.m E
& 3 i
-bm -
|mm L
|5 S i
LN DL DL L | L L D | L
o O OO O O O O o o o o

(edD) snNPON

C:G=1:1

C:G=14

C:G=0:1





media/file9.jpg
= _
oz . J—
l_= 3
.mm —
7 H

He & =
HEE .J. f—
55 —
HEZ i
Ho &

= gf

1z g

[|€3

(%) urens armoer]





media/file42.png





media/file55.png





media/file38.png





media/file17.jpg
T

1.84
1.64
1.4
12

C:G=0:1 C:G=14 C





media/file30.png





media/file31.png





media/file48.png





media/file39.png





media/file27.jpg
Fracture strain (%)

24
224
2.0
184
1.64
1.44
124
104
0.8
0.64

Interlayer tensile
Intralayer tensile
Interlayer compression
Intralayer compression

“«>rem

40 60 80 100
Carbon fiber content (%)






media/file3.jpg
o 15 mm “SSmm ]
( (c)

a) (b)





media/file22.png
Modulus (GPa)

120
110—-
100—-

90—-
80—-
70-
60—-
50-

401

30

| | |
Interlayer tensile

—o— Intralayer tensile
—— Interlayer compression
—v— Intralayer compression

—&— ROM tensile modulus
—*— ROM compression modulus

' | ' |
20 40 6
Carbon fiber cont

0 30
ent (%)

|
100






media/file19.jpg
28

264
244

224

R BN
al

vvvvvvvvvvvvvvvvvvvvvvv

C:G=0:1 C:G=1:4 CG=12 C:G=1:1 C:G=1:0





media/file40.png





media/file32.png





media/file14.png
—e— Tensile strength

—=— Compression strength

1800

1600

1400

(edIN) JISUanS






media/file49.png





media/file46.png





media/file16.png
—e— Tensile fracture strain

—=— Compression fracture strain | -

C:.G=0:1

aIn1oelJ

LI L
R Y T A
o O O O

<
S

C:G=1:2

C.:G=14





media/file20.png
LA L NNLA BLA DL B LN B
C:G=1:1 C:G=1:0

| I D
C:G=1:2

LI L | L D L
C:G=0:1 C:G=14

& e N A < < e =
22222222





media/file50.png





media/file5.jpg
||m. e -
| —=
NG R A d
g2 =l
L5 2 I =
HZ g L L
VRC k.
|

Hi 3
S2888R8R%RK 2

(edD) sninpon.





media/file33.png





media/file47.png





media/file25.jpg
Strength (MPa)

1800 —=—Theory tensile strength
] —e— Theory compression strength

® Inter-layer tensile

16004 o layer tensile
* Inter-layer compression

14004 o Inira-layer compression

12004

10004

8004

600

400

200 r T T

0 20 40 60 80 100
Carbon fiber content (%)





media/file0.png





media/file8.png
B | | | | | | | | O
- . . e
e ] O
= “/“I |ﬂ
: N @
i e O
o e ] o
_ N O
B wu.,o .................................. [ O
i = - . Rt
£ 5 Ac i/; e
|Lm,bﬂ ......................................... _ @)
= ©
7 O <
< £ 3
gg % L O
~ Q - O
S
= O . —
O

L L DL | | | | L L

- o O O o O o o o O
- oo o o o O o o O
X L2 T 4 g2 *® v ¥«

(BJIN) YSuans





media/file51.png





media/file34.png





