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Abstract

:

Metals are known for high ductility and have, been used to design and fabricate structural components for many years. However, composite materials are taking over traditional materials owing to their significant mechanical properties. Fiber-reinforced composites exhibit lower ductility and failure strain, resulting in brittle failure, limiting their application where high ductility is desired. In this study, an effort has been made to design, fabricate, and test continuous fiber-reinforced composites with improved ductility. A comparative analysis was performed for optimizing the failure strain of different woven fiber-reinforced composite materials under both on-axis (0°/90°) and off-axis (±45°) loading. The materials include carbon/epoxy, E-glass/epoxy, and jute/epoxy composite. The tests were performed according to ASTM D3039 standard. The strength of all tested composites in on-axis and off-axis loading was obtained from tensile test results. But failure strain was limited in on-axis loading. Interestingly, glass/epoxy composite showed improved failure strain, by 90%, without much loss in tensile strength in off-axis loading than on-axis loading. The jute fiber revealed limited tensile strength and failure strain in both loading conditions.
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1. Introduction


Composite materials have been under investigation since the seventies, especially where a high strength-to-weight ratio is a vital design variable. Fiber-reinforced composites are remarkably lightweight, possess excellent strength, and are the favored lightweight materials for several industries [1,2] including automobile [3,4] and railroad industries [5]. They can be found in many aircraft structures, such as the Boeing 737, Airbus 325, and F-35 [6]. Because of composite materials’ anisotropic nature, their effectiveness depends on careful design and tailored properties for a particular application [7]. Materials in structural applications are often exposed to time-dependent and multi-axial loading conditions in many load-bearing applications [8]. Therefore, understanding the mechanical behavior of materials/structures at high strain rates and these loading conditions is essential [6,9,10].



Due to the brittle nature of synthetic fibers, such as glass and carbon, the strain-to-failure of structural fiber-reinforced composites is known to be very low. Many researchers attempted to improve composite materials’ ductility by including bendable/ductile steel strands and wires into these materials [11,12]. Others searched for in-plane shear ±45° under tensile test through standards such as tensile Hopkinson bar setup [13] and following other ASTM standards [10]. The ductility effect of composites and overall toughness, which can be related to particular applications, such as energy-absorbing structures, can be enhanced by choosing fibers with a higher strain-to-failure ratio (such as natural fibers; silk, and coconut) [14]. Many studies reported the response of the on-axis tensile failure of glass fibers [15] and carbon fibers [16,17,18] Yong Cao et al. [19] investigated experimentally and numerically tensile and compressive failure of angled ply consisting of woven carbon fabric reinforced composites. The authors found that the angle-ply layer had higher crack propagation resistance than 0°/90° layers. M.G. Callens et al. [11] performed a study on the woven steel fiber-reinforced composites to investigate the effect of higher strain on failure. The testing under quasi-static conditions for these composites was performed as per ASTM D3039 standard. The results revealed that the proposed composites had four times more strain rate to failure ratio than traditional fiber-reinforced composites. A similar study on carbon reinforced composites presented the off-axis laminate layers’ effect on the tensile response and was investigated through the ASTM D3039 standard. Results revealed that the effect of off-axis loading led to the short delamination length of the composite laminate [20].



Tim Bergmann et al. [21] conducted a ±45° off-axis tension test on different synthetic fiber-reinforced composites. It was found that the values of axial failure were in the 20–25% range when these composites were tested under off-axis loading, which is considered high when they were tested in the axial direction. In another study, a higher strain rate on woven glass/epoxy reinforced composite was imposed. The testing was performed on ±45°off-axis specimens. The results revealed that the composite’s strength was higher for higher strain loading than quasi-strain loading in the off-axis mode [10]. Aruchamy et al. [22] elaborated on the effect of different fiber loading on hybrid cotton/bamboo hybrid composites’ mechanical properties. It was concluded that the development of the weave pattern of cotton/bamboo improved the mechanical properties. Rabiee and Ghasemnejad [23] presented experimental and numerical approaches on the parameters affecting energy absorption of composite cylindrical structures at oblique loading through various inclined angles (5°, 10°, 20°, and 30°). The results showed that the energy absorption of these composites was decreased with the increasing incline angles. Yan et al. [16] studied the behavior of tensile fatigue of carbon-fiber-reinforced (unidirectional) under 45° off-axis loading. Observation from the fracture surface of laminates exposed that their interfacial bonding capability was very low for high fatigue off-axis loading.



Natural fibers have gained a lot of interest in the development of bio-based polymer composites. Mostly plant fibers, such as flax, hemp, banana, and jute, are seen as biodegradable substitutes to conventional composite reinforcements [24,25,26]. The previous studies revealed that the Jute fiber provides improved mechanical properties in hybridization with synthetic fibers. Jute has a reasonable strain rate compared to other fibers in on-axis loading, increasing off-axis loading [14].



In addition, several analytical models are reported in the literature to predict the mechanical behavior of laminated composites. However, rather than analytical modeling, which assumes straightforward fiber break arrangements, numerical simulation of fiber-reinforced composites offers significantly more reliable results than analytical techniques. Many researchers have extensively used these simulation techniques under on-axis loading [27,28] but very few studies attempted to perform simulations under off-axis loading conditions [29].



Thus, from the above literature, it is evident that recent research is oriented toward synthetic and natural fibers, both unidirectional and woven reinforced composite off-axis tensile testing ±45°. However, there is still exists plenty of gaps in off-axis testing of natural fibers reinforced composites. In addition, there is an absence of a particular and consistent method for this material’s tension test. This study aims to fill the gap in lacking knowledge of off-axis loading of natural fibers, such as jute. In this study, both on-axis and off-axis loading on woven jute, carbon, and glass fibers are performed per ASTM D3039 standard. The samples are prepared through a hand layup technique. The results of natural fiber and synthetic fibers from on-axis and off-axis loading are finally compared.




2. Materials and Methods


This section presents the details on different materials and testing procedures adopted for this study. Table 1 reports the complete detail of materials, reinforcement and matrix/epoxy used in this study.



2.1. Samples Preparations


Glass fabric, carbon fabric, and jute fabric reinforced epoxy composites were manufactured by the conventional hand layup technique [30]. The epoxy and hardener resin were mixed with an approximately 100:33 ratio for 10 min. The entrapped air bubbles were removed carefully with a roller before the final curing at room temperature for 48 h. Three types of samples were prepared for this study, as reported in Table 2. The manufactured samples were cut into three types for off-axis loading.




2.2. Testing


There are numerous standards for the tensile testing of composite materials. In this study, ASTM D3039 was selected due to simpler sample geometry. The tensile specimen testing details for both on-axis (0°/90°) and off-axis loading (45°) are shown in Figure 1 and Figure 2. The thickness of all samples was within the limit as defined by the ASTM standard. The tensile testing was performed on an MTS-810 machine at a strain rate of 2 mm/min. The sample during tensile testing is shown in Figure 3. A comparison of the different specimens tested on-axis and off-axis is demonstrated in Figure 4 and Figure 5.





3. Results and Discussions


3.1. On-Axis Loading


The experiments were performed on carbon/epoxy, glass/epoxy, and jute/epoxy composites under both on-axis and off-axis loading according to ASTM D3039 standard. The mechanical properties of the above-tested composites are reported in Table 3. The carbon fiber-reinforced composite revealed the highest Young’s modulus and tensile strength for on-axis loading among the materials tested, i.e., 17,407 MPa and 406 MPa, followed by glass-epoxy composites, having 8507 MPa and 105 MPa Young’s modulus and tensile strength, respectively. Lastly, jute fiber-reinforced composite had a Young’s modulus and tensile strength of 5107 MPa and 49 MPa, respectively. The carbon-reinforced composite’s higher mechanical properties are due to the fiber’s stiffer nature and very high strength than glass and jute fiber [31]. The lower Young’s modulus and tensile strength of jute fiber were due to inferior mechanical properties and since it was not hybridized with any synthetic fiber [32,33]. Figure 6 presents the stress vs. strain response under the tensile test of all stacking sequences. These diagrams clearly illustrate the brittle behavior of composites under on-axis loading. The brittle nature of these composite is the leading cause of lower failure strain.




3.2. Off-Axis Loading


The mechanical properties under the off-axis loading of these composites are presented in Table 4. Under off-axis loading, carbon and glass fiber-reinforced composites revealed the same Young’s modulus, i.e., 4068 MPa and 4125 MPa, respectively. However, there was a 56% loss in tensile strength and 90% gain in failure strain for glass fiber composites in off-axis loading. More stretching of glass fiber in off-axis loading explains the ductility imparted in glass fiber composites in off-axis loading. Similarly, loss in tensile strength for carbon fiber composite was 77%, and failure strain gain was 70%. For jute fiber composites, the failure strain improved by 85% (2.72% from 1.3%), too low for jute composite. The reasons for this ductile behavior [17] of these composites are the orientation of fiber strands at 45° angles throughout the specimens, the flattening of the sample under off-axis loading, and the fiber’s ability to show more elongation with poor load transfer between the clamping regions (Figure 5). The effect of changing from an on-axis mode to an off-axis is like flattening to a cylinder-shaped interwoven composite structure, which can result in complete extension (high failure strain of the gauge length). Therefore, in off-axis loading, the failure is mainly due to the breaking of the fibers [34].



Similar results were reported in the previous studies by different researchers, i.e., Gliesche et al. [35], Gowtham et al. [10], Yan et al. [16], and Zhang et al. [15]. These studies concluded that a higher failure strain was observed in glass fiber composites. In another study, an elastoplastic model was developed for composites under off-axis tensile loading. This model usefully predicted the non-linear behavior of composites under off-axis loading [36]. Figure 7 presents the stress vs. strain response under the tensile test of all stacking sequences. It is evident from stress vs. strain graphs that these composite materials followed similar behavior to the ductile stress vs. strain trends. The bar charts of tensile strength and failure strain for all tested composites at different loading are shown in Figure 8 and Figure 9.





4. Conclusions and Future Perspective


The fiber-reinforced composites’ tensile failure behavior was studied under different loading conditions through an easy and reliable ASTM D3039 standard. The materials include carbon, E-glass, and jute fiber-reinforced composites. The study concludes that both on-axis and off-axis loading specimens can be prepared successfully through the hand layup technique. The tensile test results included stress vs. strain behavior and mechanical parameters, such as Young’s modulus, tensile strength, and failure strain. It is concluded that:




	(1)

	
Under on-axis loading, epoxy/fiber composite show brittle behavior, whereas under off-axis loading, they show ductile behavior.




	(2)

	
Failure strain in on-axis loading ranged from 1.3% to 3.75%, which is relatively low. This brittle behavior limits the applications of epoxy/fiber composites under on-axis loading conditions.




	(3)

	
In off-axis loading, glass/epoxy composites showed a good response with a 56% loss in tensile strength and 90% gain in failure strain. The failure strain ranged from 2.72% to 17.58% in off-axis loading for all composites.




	(4)

	
It is recommended that whenever ductility or failure strain in the composite is desired, use glass fiber as a single layer or in hybridization with any natural fiber reinforcement.




	(5)

	
Jute/epoxy composite revealed inferior mechanical properties compared to carbon/epoxy and glass/epoxy in both on and off-axis loading. Therefore, it is recommended to use jute fiber only in hybridization with any synthetic fiber.









Future work from this study can be explored in many ways; for example, numerical simulation of these composites, particularly under off-axis loading, will quite be interesting. Similarly, applying different manufacturing and chemical treatment techniques to these fibers and composites should also be explored.
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Figure 1. Tensile specimen for on-axis loading (0°/90°). 
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Figure 2. Tensile specimen for off-axis loading (±45°). 






Figure 2. Tensile specimen for off-axis loading (±45°).



[image: Crystals 11 00216 g002]







[image: Crystals 11 00216 g003 550] 





Figure 3. Tensile specimen during testing. 
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Figure 4. Tensile specimen during on-axis loading. 
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Figure 5. Tensile specimen during off-axis loading. 
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Figure 6. Comparison of stress vs. strain graphs of different samples at on-axis loading (a) C5 (b) G5 (c) J5. 
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Figure 7. Comparison of stress vs. strain graphs of different samples at off-axis loading (a) C5-45 (b) G5-45 (c) J5-45. 
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Figure 8. Comparison of tensile strength at different loading. 
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Figure 9. Comparison of failure strain at different loading. 
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Table 1. Materials details.






Table 1. Materials details.





	
Fabric/Reinforcement

	
Matrix

Type

	
GSM

(g/m2)

	
Woven

Type

	
Thickness of Fabric (mm)

	
Thread Count per 100 mm




	
Warp

	
Weft






	
E-Glass

	
EPOTEC YD 128

	
170

	
Plain

	
0.3

	
60

	
65




	
Carbon (3K)

	
195

	
0.35

	
48

	
48




	
Jute

	
235

	
0.75

	
30

	
37
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Table 2. Layup sequence details and designation.
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	Layup Sequence
	Designation





	  Glass   layers ×  5
	G5



	  Carbon   layers ×  5
	C5



	Jute/Jute/Jute/Jute/Jute
	J5



	Glass/Glass/Glass/Glass/Glass
	G5-450



	Carbon/Carbon/Carbon/Carbon/Carbon
	C5-450



	Jute/Jute/Jute/Jute/Jute
	J5-450
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Table 3. Engineering data from on-axis loading with a standard deviation.
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	Layup Sequence
	Thickness (t)

(mm)
	Young’s Modulus (E)

(MPa)
	   Tensile   Strength      σ u      

(MPa)
	   Maximum   Failure   Strain   (  ε u  )   

(%)





	G5
	1.3
	8507 ± 108
	105 ± 5.87
	1.75 ± 0.1



	C5
	1.4
	17407 ± 341
	406 ± 13.05
	3.75 ± 0.1



	J5
	2.9
	5107 ± 149
	49 ± 1.08
	1.3 ± 0.6
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Table 4. Engineering data from off-axis loading with a standard deviation.
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	Layup Sequence
	Thickness (t)

(mm)
	Young’s Modulus (E)

(MPa)
	   Tensile   Strength      σ u      

(MPa)
	   Maximum   Failure   Strain   (  ε u  )   

(%)





	G5-45
	1.3
	4125 ± 161.6
	58.8 ± 3.14
	17.58 ± 0.94



	C5-45
	1.4
	4068 ± 345.9
	75.13 ± 2.66
	12.32 ± 0.73



	J5-45
	2.9
	803 ± 15.27
	20.13 ± 1.25
	2.72 ± 0.13
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