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Abstract:



Thermally reduced graphene oxide (TRGO) was incorporated as a reinforcing filler in the epoxy resin to investigate the effect on the mechanical properties of carbon fiber (CF)/epoxy composites. At first, the epoxy matrix was modified by adding different wt % of TRGO from 0.05 to 0.4 wt % followed by the preparation of TRGO/CF/epoxy composites througha vacuum-assisted resin transfer molding process. The prepared TRGO was characterized by using Fourier transform infrared spectroscopy, Raman Spectroscopy and field emission scanning electron microscopy (FE-SEM) techniques. It was observed that the wrinkled structure of synthesized TRGO may be helpful to interlock with the epoxy resin and CF.The inter-laminar shear strength, in-plane fracture toughness and impact strength increased by ~67%, 62% and 93% at 0.2 wt % of TRGO loading in the CF/epoxy composites as compared to the CF reinforced epoxy. The mechanical properties of the hybrid composites decreased beyond the 0.2 wt % of TRGO incorporation in the epoxy resin. The fracture surfaces of the hybrid composites were studied by FE-SEM image analysis to investigate the synergistic effect of TRGO in the CF/epoxy composite. This study suggested that TRGO could be used asgood nanofiller to resist the matrix and fiber fracture.
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1. Introduction


Carbon fiber (CF) reinforced epoxy composites are being widely used in many structural applications especially in aerospace and automotive industries due to their superior cost-effectiveness, high specific strength and light weight [1,2]. However, the on-road applications of the CF/epoxy laminates are limited owing to their inter-laminar failure, i.e., delamination and brittle nature of epoxy matrix [3,4]. The delamination deteriorates the mechanical strength and stiffness of the structures made off CF/epoxy composites. Most of the time, the laminas are buckled out from their plane due to the application of compressive and bending load [5]. The manufacturing imperfections, low-velocity impact and stress concentrations caused by sudden changes in laminate structure sometime are liable for the delamination of the composite laminates [6,7]. Thus, the resistance of the delamination phenomenon and impact damage is of great interest to composite researchers.



Many approaches have been applied to overcome the inter-laminar fracture problem and the most popular method is implanting a separate interlayer (either thermoplastic or thermosetting) between the adjacent laminas. The interlayer helps to form a mechanical linkage between crack interfaces and twisted crack paths and enhances the plane strain fracture toughness of the composite laminates [8]. Different kinds of nanofibrous membranes, films and nanofillers were used as interleaves in the composite laminates [9,10,11,12]. Dzenis et al. claimed that the electro-spun nanofibrous mats could be used for toughening the laminated composites [13]. The polybenzimidazole (PBI) electro-spun non-woven nanofibers were used as interleaves and showed the enhancement of mode I fracture toughness by ~15%. Consequently, different kinds of nanofibrous membranes such as polyacrylonitrile (PAN), polyamide, polycaprolactone (PCL), polyetherketonecardo (PEK-C) and polycarbonate (PC) were incorporated for improving the inter-laminar fracture toughness of the composite laminates [14,15,16,17,18]. Although, the nanofibrous membranes is helpful to enhance the fracture toughness of the laminates, but, the mismatch incompatibility between the fiber and matrix material leads to processing difficulties [19]. Extensive researches focused on the enhancement of inter-laminar fracture toughness (IFT) of the composites by modifying the epoxy matrix [20,21,22]. Different types of nanofillers, such as SiO2, Al2O3, TiO2, carbon nanotubes (CNT), graphene nanoplatelets (GNPs), etc. were used for the development of CF/epoxy composites [23,24,25,26,27]. Zeng et al. showed that nylon particles blended with the resin facilitated the enhancement of toughness of the CF/dicyanate composites [28]. Arai et al. investigated the IFT of CF/epoxy composites by introducing an interlayer of vapor grown carbon nanofiber (VGNF) and showed the mode I and mode II IFT improvement of ~50% and 200% compared to the pure CF/epoxy laminates [29]. Karapappas et al. reported the improvement of mode I and mode II fracture toughness by~63% and 70%, respectively by incorporating multiwall carbon nanotubes (MWCNT) in the CF/epoxy composites [30]. Though CNT and MWCNTs were considered as a superior matrix modifier, yet there are a few challenges like agglomeration, complicated surface modification and high production cost [31].The heterogeneous dispersion of resin and CNT restricts the flow of matrix during processing and creates defects i.e., voids, stress concentration, etc. in the laminate [32]. Some special techniques such as sonication, mechanical stirring, centrifugal mixing and the use of surfactant and chemical modification of nanofiller’s surfaces were opted for preparing homogeneous matrix dispersion [33]. Of late, graphene and its derivatives were used to enhance the matrix toughness and interfacial adhesive strength [34]. Extraordinary functionalities, mechanical strength, high surface area, effectiveness at deflecting cracks in bending/shear, chemical stability, conductivity, cost effectiveness, ultra high aspect ratio and abundance in nature of graphene makes it novel nanofiller for the production of fiber reinforced hybrid composite [35]. Du et al. investigated the effects of GO coating on the mechanical properties of short glass fiber (SGF) reinforced polyethersulphone composites and reported the improvement in tensile and flexural strength by 10.2% and 9.4%, respectively [36]. Kwon et al. coated GO/CNT on to the surface of CF by electrophoretic deposition (EPD) technique and showed an improvement of ~10% in short beam shear strength of the coated CF reinforced epoxy hybrid composite [37]. Lee et al. introduced EPD coating of partially reduced GO on the CF surface and enhanced by ~14% inter-laminar shear strength (ILSS) of the coated CF/epoxy composites [38]. Qin et al. studied the mechanical properties of GNPs coated CF/epoxy composites and showed ~19% improvement in ILSS than uncoated CF/epoxy composites [39]. Shen et al. observed the enhancement in cryogenic ILSS of the 0.3 wt % GO incorporated GF/epoxy composites than the base GF/epoxy composite [40]. Yavari et al. reported that the fatigue life could be improved up to 1200-fold by incorporating 0.2 wt % of graphene in the GF/epoxy composite [41]. Zhang et al. reported~12.7% improvement in ILSS of the unidirectional CF/epoxy composite by introducing GO sheet to the interfacial region of fiber and matrix material [42].



The majority of the previous studies reported the improvement of mechanical and electrical properties of different kinds of fibers (short, unidirectional long fiber and woven fabric of glass and carbon) reinforced composites prepared by different techniques such as electrophorectic deposition, hand lay-up, coating processes, etc. using graphene and its derivatives as nano-filler. In addition, they investigated the effect of GO on the mechanical properties of fiber reinforced epoxy composites. However, the use of GO as reinforcing filler in structural composite is not appropriate due to the presence of various types of oxygen functional groups in GO which may deteriorate the thermal stability of the resulting composites. Therefore, the use of chemically reduced GO or thermally reduced GO (TRGO) as reinforcing filler is always recommended to develop thermally stable structural composite materials. However, the use of chemically reduced GO for the fabrication of scaled-up structural components is not feasible due to the hazardous nature of chemical reducing agents, expensive chemicals and multi-step reduction reaction. Therefore, TRGO could be the best choice as reinforcing filler for epoxy-based composites. To the best of our knowledge, there is no report how the TRGO influenced the mechanical properties of the woven carbon fiber reinforced epoxy symmetric laminates. As reduced GO partially retains the intrinsic properties of graphene, thus it may exhibit significant effects on the mechanical properties of the composites. Thus, the use of TRGO could affect the mechanical properties of fiber reinforced epoxy composites. In this context, the present work intends to gain the basic understanding on the effect of TRGO on the mechanical properties of hybridized CF/epoxy laminate.The TRGO reinforced CF/epoxy laminate manufactured by vacuum assisted resin transfer molding (VARTM) process. The IFT, inter-laminar shear strength (ILSS) and Impact resistance were carried out to investigate the effect of TRGO on the delamination phenomena of the prepared hybrid composites. The interaction or interfacial adhesionbetween the fiber and matrix was examined by the field emission scanning electron microscopy (FE-SEM) images of the fractured specimens.




2. Experimental


2.1. Materials


Graphite flakes procured from India Mart, India was used for the preparation of TRGO. H2SO4 (98% v/v), HCl (35% v/v) and H2O2 (30% v/v) were obtained from Merck India. The CF used for this work is a plain weave carbon fabric with an areal density of 200 g/m2, thickness of 0.3 mm, ENDs (cm) 5 and PICKs (cm) 5. The filaments diameter is 6 micrometers. The CF fabric was purchased from Flips India Engineering (Mumbai, Indian) for reinforcement. Bisphenol-A epoxy resin (LAPOX*C-51) and modified cycloaliphatic amine hardener (Lapox AH-428) was bought from Atul Limited (Gujarat, India) to prepare the matrix system in this work. A heavy-duty silicon spray mold release agent and an adhesive spray were purchased from Aerol Formulation Pvt. Ltd. (New Delhi, India).




2.2. Fabrication of TRGO/CF/Epoxy Laminate


The TRGO was prepared by thermal reduction of GO, which was synthesized by modified Hummers method as reported in our earlier work [43]. In brief, ~1 g of freeze dried GO was taken in a alumina crucible and then placed inside a muffle furnace at ~600 °C for 3 min underargon atmosphere.The different amount of TRGO i.e., 50, 100, 200 and 400 mg TRGO was dispersed in 100 mL THF to prepare 0.05, 0.1, 0.2 and 0.4 wt % TGRO incorporated CF/epoxy composites as compared to the weight of the epoxy resin and curing agent. The required amount of TRGO was first dispersed in THF by sonication for 1 h in a water bath sonicator. The dispersion was then added into the epoxy resin to obtain the 0.05, 0.1, 0.2 and 0.4 wt % TRGO loaded epoxy composite. The TRGO/epoxy was further sonicated for 1 h to prepare homogeneous dispersion of TRGO and epoxy resin. The unwanted THF was removed under reduced pressure from the TRGO/epoxy mixture by evaporation at 85 °C for an hour. Later on the TRGO/epoxy suspension stirred for 6 h by using a magnetic stirrer with a speed of 250 rpm at ambient temperature. The required amount of curing agent was added into the TRGO/epoxy suspension and stirred at 600 rpm for about 3 min to obtain homogeneous mixing. Finally, modified TRGO/epoxy composite was obtained for the development of CF/TRGO/epoxy composite after degassing the TRGO/epoxy suspension inside a vacuum chamber. The woven CF fabrics were cut with a dimension of 160 × 200 mm and CF/TRGO/epoxy laminates were prepared by vacuum assisted resin transfer molding (VARTM) process. The VARTM process was carried out at room temperature. The lamina’s thickness was 0.3 mm. The symmetric laminates have material symmetry and geometric symmetry with respect to the mid-plane of the laminate plate. Geometric symmetry representsthe orientations of the laminas, above and below the mid-surface is identical. Material symmetry can result from either having all lamina the same material, or requiring different lamina to be symmetrically disposed about the mid-surface. The symmetric laminate is elected by subscript S on a square bracket i.e., []s. The 0/90 signifies a cross ply whose fibers are oriented in 0° and 90°. The stacking sequence of the lamina was [(0/90)9]s for the IFT, [(0/90)6]s for ILSS and [(0/90)7]s for impact test. The CF/TRGO/epoxy composite was cured at room temperature for 24 h and post cured at 80 °C for 2 h and 120 °C for 1 h. Finally, the required samples were cut from the laminates for testing.




2.3. Characterization


Fourier transform infrared (FT-IR) spectra of the synthesized TRGO were recorded with a PerkinElmer RXI FT-IR in the frequency range of 4000–400 cm−1. Field emission scanning electron microscopy (FE-SEM) was carried out with Ʃigma HD, Carl Zeiss, Germany to obtain the surface morphology of the TRGO and SENB fractured surfaces of the composites. The Raman spectra of the TRGO were obtained on a WITec alpha 300 (WITecWissenschaftlicheInstrumente und Technologie GmbH, Ulm, Germany) using a laser wavelength of 532 nm. The rheological properties of the TRGO/epoxy mixtures were determined by using a stress-controlled rotational rheometer MCR 501 (Anton Paar, Austria) set with a Peltier heating system and parallel plate-plate fixture of 25-mm. The gap size was determined in the range 0.7–1 mm depending on the TRGO content in epoxy resin. Steady shear measurements were conducted at shear rates in the range of 0.1–100 s−1 at 35 °C. Transmission electron microscope (TEM) of microtomed samples was carried out using a JEM 2100 instrument (JEOL Ltd., Tokyo, Japan) at 200 kV. The fiber volume fraction ([image: ]) = [image: ], matrix volume fraction ([image: ]) = [image: ] and void volume fractions ([image: ]) = 1 − ([image: ] + [image: ]) of the prepared composites were determined using a matrix digestion test according to ASTM D 3171-99, where [image: ], [image: ], [image: ], [image: ] and [image: ] are weight of fiber in the composite, weight of the initial composite specimen, density of fiber, matrix and composite respectively. The single edge notched bending (SENB) test was carried out according to the ASTM D5045to evaluate the fracture toughness of the prepared composites. The short beam shear test (SBS) of the composites was determined according to the ASTM D2344 to investigate the inter-laminar shear strength (ILSS) of the composites. Both the SBS and SENB tests were carried out using a universal testing machine (UTM) (Tinius Olsen, H50KS). The impact strength of the laminates was evaluated according to the ASTM D256 by using Izod impact tester. The specimen dimensions of ILSS, SENB and impact test are shown in Figure 1.


Figure 1. Geometry and dimension of (a) In-plane fracture toughness (b) Inter-laminar shear strength and (c) Izod impact test specimens.
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3. Results and Discussions


3.1. Structural and Morphological Study of TRGO


The presence of oxygen-containing functional groups in GO was investigated before and after thermal reduction of GO by FTIR, which is shown in Figure 2a. The oxygen-containing functional groups can be clearly identified prior to thermal reduction. GO shows a broad absorption peak centered at ~3432 cm−1, which can be attributed to the stretching vibration of –OH of water and GO [44]. The peak appeared at 1731 cm−1 can be attributed to the stretching vibrations of C=O for carboxyl and carbonyl groups present in GO. The two peaks appeared at 1369 cm−1 can be assigned to the bending vibration of –OH and the peak at 1052 cm−1can be attributed to C–O epoxide groups. The peak at 1731 cm−1 exhibits the sp2 character of graphite in thermally reduced GO. After the thermal reduction at 600 °C, the peaks related to –OH decreased significantly and the peak associated with C–O epoxide groups disappeared completely.


Figure 2. (a) FTIR and (b) Raman Spectrum and FE-SEM image of (c) GO and (d) TRGO.
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Raman spectroscopy is a well-known non-destructive technique to distinguish the electronic structure of graphite and graphene-derivative materials. Raman spectra of GO and TRGO are shown in Figure 2b. Generally, two peaks, one at 1575 cm−1 and another at 2700 cm−1 are used to characterize graphene and the related materials [45]. Chemically derived graphene and multi-crystalline graphite, exhibits an additional peak (D-band) at ~1355 cm−1. This D band is an indirect quantification of disorder arises due to the oxidation of graphite. Herein, GO exhibited two peaks; the G-band at 1593 cm−1 and the D band at 1348 cm−1. This is ascribed to the oxidation of graphite and the subsequent introduction of defects in the graphitic planes due to the addition of oxygen functionalities. In case of TRGO, the D-band appeared at 1351 cm−1and that of G-band at 1588 cm−1. The intensity ratio of the D-band to G-band is helpful to understand the degree of defects and restoration of π electron clouds in graphitic plane after reduction. In case of GO, the ID/IG ratio was found to be ~0.99 and that of TRGO the ratio was ~0.95. The decreased intensity ratio in case of TRGO indicated the restoration of π electronic conjugated structure after thermal reduction. Figure 2c,d show the FE-SEM images of GO and TRGO, respectively. The graphene sheets were folded with extensive wrinkles. It is likely that during thermal exfoliation, the exfoliated graphene sheets became unstable due high Van der Waals attraction, to achieve stability the layers tend to fold, hence the folded structure.




3.2. Effects of TRGO on the Viscoelastic Properties of Epoxy Resin


The steady shear rheological investigation was carried out with the aim to illustrate the behaviour of TRGO incorporated into the epoxy resin to find out the relation between absolute viscosities with TRGO loading. It is important to know the rheological behavior of the matrix material i.e., Newtonian or non-Newtonian for the optimization of TRGO content during the preparation of composite materials. Figure 3 shows the steady shear rheological analysis of the epoxy resin containing different concentration of TRGO in terms of shear stress and viscosity as a function of shear rate at 35 °C. Figure 3a shows the variation of shear stress with the variation of shear rate of the TRGO/epoxy composite. It was found that the induced shear stress increased upto 0.2 wt % of TRGO loading and beyond this concentration, the shear stress value of the TRGO/epoxy composite decreased. The viscosity of the TRGO/epoxy composite as a function of shear rate remained constant within the range of 25–100 s−1as shown in Figure 3b. But, the viscosity of the composite increased constantly with the increment of TRGO content. The curves of both the Figure 3a, brepresents that the TRGO/epoxy mixture behaved like a Newtonian fluid.


Figure 3. Effects of thermally reduced graphene oxide on the (a) Shear stress (b) Viscosity of epoxy resin as a function of shear rate.
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TEM image analysis of TRGO/epoxy composites showed the direct observation of dispersed TRGO sheets. It is the most familiar microscopic technique for determining the state of dispersion of reinforcing filler in the matrix material. Thicker sheets usually show the sufficient contrast against the epoxy resin, whereas the observation of a single layer graphene in the polymer matrix is quite difficult. Figure 4 shows the TEM image of 0.2 wt % of TRGO/epoxy composites. It showed that the TRGO was homogeneously dispersed in the epoxy resin.


Figure 4. TEM image of TRGO (0.2 wt%)/epoxy composite.
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3.3. Fracture Surface Morphology Analysis


The morphology of the fracture surfaces of pure CF/epoxy and 0.2 wt % loaded TRGO/CF/epoxy composite was studied by ILSS and SENB tests to investigate the fracture mechanism of the prepared composites. The fiber-polymer composites enhanced the fracture toughness by consuming some amount of the elastic energy during failure like matrix fracture, fiber pullout, fiber-matrix de-bonding, etc. [46]. So, the overall mechanical properties of the composites depend on each component represent in the composite material. The fiber breakage and fiber pull out failure mechanism absorbs more energy compared to the matrix failure. The fiber failure in the composites occurred because of the low adhesion and interfacial strength between fiber and matrix. The fracture surface morphology of the CF/epoxy and TRGO/CF/epoxy composites after ILSS and SENB tests are shown in Figure 5a–d. It was observed that the SENB fracture surface of CF/epoxy composite was smoother as compared to the TRGO incorporated CF/epoxy composites and it was shown in Figure 5c,d. The incorporation of TRGO in the CF/epoxy composites made the fiber surfaces rougher. This was due to the toughening effect of TRGO in the epoxy resin. The incorporation of TRGO obstructs the propagation of generated cracks along the axis of fibers in the composites and enhanced the toughness of the composites. It also reduced the stress concentration in the composites and improved the inter-laminar adhesion between CF and epoxy resin. Davis et al. observed similar phenomenon by incorporating fluorine functionalized carbon nanotubes (f-CNTs) in the CF/epoxy composites [47]. They suggested that the incorporation of CNTs in the matrix material improved the fracture toughness of the composites by consuming more energy compared to neat CF/epoxy specimens. In this concern, TRGO facilitated the bridging between fiber and matrix material and thus improved the toughness of the composites. The branched cracking of matrix absorbed more energy under loading condition and showed improved fracture toughness of the prepared composites. The fracture sample of pure CF/epoxy composites after ILSS test showed a wide gap between the two laminas as compared to the TRGO/CF/epoxy hybrid composites as shown in Figure 5a,b. It revealed that the delamination of the CF/epoxy composites could be improved by incorporating TRGO in the composites. So, after the investigation of the fracture morphology of the prepared composites, it is confirmed that TRGO not only enhance the fracture toughness of the composites but also the ILSS and impact strength.


Figure 5. Fracture surfaces after (a,b) short beam shear test and (c,d) single edge notch bending test of the pure and 0.2 wt % TRGO incorporated CF/epoxy composites respectively.
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3.4. Volume Fraction of the Constituents


The volume fraction of fiber, matrix and void was summarized in Table 1. It was noticed that [image: ], [image: ] and [image: ] varied by 54–56, 43–44 and 1–2%, respectively. The value of [image: ] in the composites increased because of increment of the viscosity of the epoxy resin. Viscosity of the epoxy matrix was increased as compared to the neat epoxy resin as the incorporation of TRGO was increased in the epoxy resin. The highly viscous TRGO incorporated epoxy matrix restricted the flow rate of the matrix material during the preparation of the hybrid composites. The flow rate of the TRGO incorporated epoxy resin decreased in transverse direction during infusion of laminated panel. As a result, entrapped air was more in the hybrid composite and reduced the mechanical strength of the composites.


Table 1. Volume fraction of theconstituent materials in the TRGO/CF/epoxy composite.


	wt % of TRGO
	vf (%)
	vm (%)
	v0 (%)





	0
	56
	43
	1



	0.1
	55
	43.5
	1.5



	0.2
	55
	43.3
	1.7



	0.4
	54
	44
	2










3.5. Interlaminar Shear Strength (ILSS)


The delamination failure occurred between the CF laminas as the generated shear stress under transverse loading on the CF/epoxy laminate exceeds the ILSS of the composite. Hence, ILSS is a major criterion to investigate the mechanical properties of the CF/epoxy composites. The ILSS of the laminate is generally evaluated by short beam shear (SBS) test method following the classical Euler-Bernoulli beam theory. In this work, ILSS of the CF/epoxy composites was determined following the equation [image: ], where Pb, w and t are the breaking load, width and thickness of the test specimens. The applied load increased gradually with the deformation of the samples, until a peak load is reached. It is anticipated that the composite failed during laminar shear when the applied load dropped by ~40% after attaining the peak load. The peak load could be considered as the determining factor of the ILSS for the prepared composites. Figure 6a shows the typical load-displacement curve of each TRGO hybridized CF/epoxy composite. Though, four samples of each hybridized composites were tested, but for the sake of transparency, only single specimen’s load-deformation curve has been presented. The load carrying capacity of the TRGO modified CF/epoxy was more than pure CF/epoxy composite and it also increased with the increment of TRGO content in the prepared composites. Similarly, the ILSS of the TRGO/CF/epoxy composite increased as the ILSS is directly proportional to the load carrying capacity of the composites. But the ILSS of the composites decreased beyond 0.2 wt % loading of TRGO in the CF/epoxy composites. This observation affirmed that the epoxy resin could be modified by the incorporation of TRGO up to a certain limit. The excess incorporation of TRGO in epoxy matrix may cause incompatible dispersion or agglomeration. The matrix viscosity also increased, and the flow rate of the epoxy resin decreased during the infusion process. The lack of infusion of the laminas may create micro voids in the laminate and deteriorates the ILSS of the prepared composite. The bar chart of ILSS vs. wt % of TRGO is shown in Figure 6b. The measured ILSS of each TRGO/CF/epoxy composite varies in between 2–3 MPa. The maximum improvement of ILSS of the prepared CF/epoxy composites was recorded at 0.2 wt % of TRGO loading. The ILSS of 0.2 wt % TRGO incorporated CF/epoxy improved ~67% as compared to the pure CF/epoxy composite. The enhancement of ILSS of the prepared composites indicated good adhesion between CF and TRGO modified epoxy matrix. The overall ILSS of the prepared composites are given in Table 2. The ILSS represents the resistance under transverse load of the composites but how the composites resist the crack propagation under transverse load in presence of a crack, i.e., fracture toughness is described in the next paragraph.


Figure 6. (a) Load vs. displacement curves and (b) ILSS vs. TRGO content of the prepared CF/epoxy composites.
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Table 2. Overall ILSS properties of the prepared CF/epoxy composites.


	wt % of TRGO
	Pb (N)
	ILSS (MPa)





	0
	557 ± 25
	20 ± 0.9



	0.05
	633 ± 20
	22.6 ± 0.7



	0.1
	771 ± 22
	27.5 ± 0.8



	0.2
	938 ± 20
	33.5 ± 0.7



	0.4
	804 ± 25
	28.7 ± 0.9










3.6. Plane-Strain Fracture Toughness


The relevant improvement in fracture toughness of the TRGO/CF/epoxy composites is described in this section. The fracture toughness is generally expressed in terms of critical-stress-intensity factor (KIC) and the critical strain energy release rate (GIC) at the initiation of fracture in the composites. The GIC is defined as the energy required for the crack propagation in the material [48]. According to the ASTM D5045, the value of KIC is expressed by the Equation (1) and to satisfy the Equation (1), it must go after the Equation (2) [49].


[image: ]



(1)




where, (0 < [image: ] < 1), [image: ].



[image: ] = applied load, B = specimen thickness, w = specimen width, a = crack length and [image: ] = a/w


[image: ]



(2)




where, [image: ] = the conditional or trial KIC value and [image: ] = the yield stress of the material.



Figure 7a shows load vs. displacement curve of the pure CF/epoxy composite and TRGO incorporated CF/epoxy composites. The load carrying capacity of the TRGO/CF/epoxy composites increased compared to the pure CF/epoxy composite. The deformation of the CF/epoxy composites increased linearly up to a certain limit with the increment of the applied load and then deformed non-linearly. The maximum load (Pmax) was determined for the calculation of KIC according to the equation, Pmax/[image: ] < 1.1. The Pmax of the TRGO/CF/epoxy composites increased with the increment of the TRGO loading in the composites. Beyond the 0.02 wt % TRGO loading in the CF/epoxy composites, the Pmax of the TRGO/CF/epoxy composites decreased as shown in Figure 7a. The maximum load carrying capacity of the composites is about 1034 N at 0.2 wt % TRGO content. The minimum load carried by pure CF/epoxy composite was about 635 N. The bar chart of KIC vs. wt % of TRGO in the prepared TRGO/CF/epoxy composites is shown in Figure 7b. The GIC was measured directly by integrating the load versus displacement curve up to the same load point as used for calculating KIC. GIC is the minimum energy required for propagating the existing fracture of the prepared materials. The GIC of the TRGO/CF/epoxy composites increased due to the enhancement of the interfacial interaction between TRGO and epoxy matrix. But the GIC of the TRGO/CF/epoxy composites at 0.4 wt % of TRGO loading decreased compared to 0.2 wt % TRGO content. It may be attributed to the presence of micro voids in the TRGO/CF/epoxy composites with 0.4 wt % of TRGO loading. Therefore, the excess loading of TRGO in the composites not only increased the viscosity but also resulted poor wetting of TRGO with the epoxy matrix. This agglomeration of TRGO and high viscosity of the epoxy resin created micro voids in the composites which deteriorated the load bearing capacity of the prepared composites and corresponding value of GIC. The calculated value of all parameters related to the in-plane fracture toughness of the prepared CF/epoxy composites has been summarized in the Table 3.


Figure 7. (a) Load vs. displacement curves and (b) KIC vs. TRGO content of the prepared CF/epoxy composites.
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Table 3. Overall in-plane fracture behaviour of the prepared CF/epoxy composites.


	wt % of TRGO
	PQ (N)
	KIC (MPa.m1/2)
	GIC (J)





	0
	635 ± 25
	13.5 ± 0.53
	685



	0.05
	654 ± 30
	13.9 ± 0.64
	1365



	0.1
	782 ± 28
	16.6 ± 0.59
	1526



	0.2
	1034 ± 32
	22 ± 0.68
	1782



	0.4
	1005 ± 35
	21.4 ± 0.74
	1680









Besides the ILSS and SENB test, the impact property analysis of CF/epoxy composites is very important for the failure analysis of the CF/epoxy composite as the impact damage induced in the laminated composite structure used for primary load bearing criterion in different structural applications. There may be some unexpected damage during in-service conditions such as mechanical and thermal shock, acoustic shock, electromagnetic irradiation etc. This unexpected damage may also happen due to impacts during operations of flight like impacting of runway debris and bird-strikes during on composite airframes. The effect of impact load on the prepared composites is described in the next section.




3.7. ImpactProperties Analysis


Most of the damage under impact load in the laminated composites was found as internal defects. The internal defects are generally originated due to the matrix cracking and fiber breakage at micro level which are not easily detected on the surface of the specimen. But at macro level, it is observed as interlayer failure or delamination. Some energy is required for the failure of the CF/epoxy composites during matrix cracking and fiber breakage under impact load [50]. The required energy is known as impact fracture toughness of the composites. Therefore, failure type is dependent on impact toughness of the laminates. The energy absorbed by the laminate is the sum of the energy absorbed by each constituent material. So, the impact toughness of the CF/epoxy laminate can be enhanced by improving the individual impact toughness of the constituent material. Here, an attempt was taken to improve the impact toughness of the epoxy resin by incorporating different wt % of TRGO for the overall improvement of the impact toughness of the CF/epoxy composites as the epoxy matrix fails under impact load. The Izod impact toughness of pure CF/epoxy and TRGO/CF/epoxy composites at different wt % of the TRGO loading is shown in Figure 8. It was observed that the incorporation of TRGO improved the impact strength of the CF/epoxy composites.


Figure 8. Effect of TRGO on impact strength of the prepared CF/epoxy composites.
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4. Conclusions


The improvement of ILSS, in-plane fracture toughness and impact toughness of the CF/epoxy composites was investigated by using TRGO as filler material. The TRGO was prepared by simple reduction of GO at high temperature (600 °C). The partial reduction was carried out to get the graphene like properties of GO. The TRGO/CF/epoxy composite laminates were manufactured by the VARTM process after modifying the epoxy resin by TRGO. The partial reduction of GO made its surface more wrinkled compared to GO surface. The wrinkled surface texture of TRGO promoted mechanical interlocking with epoxy resin, thereby enhancing the load transfer capability of the CF/epoxy composite. The good adhesion between CF and TRGO modified epoxy resin also increased the ILSS (50%), fracture toughness (40%) and impact toughness (93%) up to a certain limit of TRGO content (0.2 wt%) present in the prepared composites. The excess incorporation of TRGO also agglomerates in the epoxy resin and makes micro voids in the CF/epoxy composites. The micro voids reduced the mechanical properties of the TRGO/CF/epoxy composites. Considering the overall performance of TRGO in the CF/epoxy, it could be explored in the areas of automotive, aerospace and other allied industries.
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