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Abstract—Three different architectural designs are developed for manufacturing advanced multi-scale reinforced epoxy based composites in which graphene sheets and carbon fibers are utilized as nano- and microscale reinforcements, respectively. In the first design, electrospraying technique as an efficient and upscalable method is employed for the selective deposition of graphene sheets onto the surface of carbon fabric mats. In the second design, graphene sheets are directly dispersed into the hardener-epoxy mixture to produce carbon fiber/epoxy composites with graphene reinforced matrix. In the third design, the combination of the first and the second arrangements is employed to obtain a multi-scale hybrid composite with superior mechanical properties. 
    Electrospraying, a fast, efficient and easily up-scalable process, is employed for the deposition of graphene sheets onto carbon fabric mats to strengthen the interfacial interactions between carbon fiber reinforcement and epoxy matrix. The integration of graphene sheets on carbon fiber interface enhances the efficiency of load transfer from matrix to reinforcing fibers whereby the mechanical performance of composite structure notably improves due to the stronger interfacial strength. In addition, the results of XPS and Raman

spectroscopy analyses confirm that the deposition of graphene layers via electrospraying technique does not affect the chemical structure and properties of carbon fibers adversely, and the carbon fabric mat preserves its structural consistency during composite manufacturing steps.

    In order to obtain high mechanical performance with optimum graphene concentration, the effect of graphene sheets as a primary reinforcement on the properties of the epoxy matrix was initially investigated in details by three-point bending tests. The flexural strength and modulus of graphene reinforced epoxy composites with a low concentration of 0.05 wt% TEGO produced by using classical molding technique are improved about 64% and 85%, respectively. 
    Well-dispersed and stable TEGO containing epoxy hardener was prepared by a sonication technique to prevent the agglomeration of graphene sheets in an epoxy matrix and structural defect formation. Then, a formulated mixture of graphene and epoxy was infused into the [0/90]S stack using vacuum infusion to produce carbon fiber reinforced epoxy composites. The integration of graphene into the carbon fiber reinforced composite in the form of matrix reinforcement leads to appreciable enhancement in the mechanical performance of manufactured composite structures. Furthermore, the utilization of graphene sheets as both interface modifier and matrix reinforcement shows a synergetic effect thereby resulting in excellent improvements in the mechanical performance of the hybrid composite structure [1]. Namely, when compared to unmodified composite structure, flexural strength, modulus and work of fracture are enhanced by about 51.2%, 31.1%, and 55%, respectively while tensile strength, modulus, and impact strength are augmented by about 19.4%, 20.3%, and 29.9%, respectively as presented in Figure 1.
    The detailed fractographic analyses [1,2] were performed to establish an understanding on different fracture mechanisms involved in the failure of specimens under flexural loads and the effect of selective TEGO dispersion on composite performance and especially the interfacial interactions between carbon fibers and epoxy matrix. This novel architectural design involving multiscale reinforced epoxy composite structures and nano-scale modified carbon fiber epoxy interface provides a readily scalable process for industrial applications and can be further explored for the development of lighter advanced structural composites. We consider our conclusions to be a stepping-stone for our future work for multi-scale composite structures that will focus on the dynamical-mechanical and electrical–thermal properties of these developed hybrid structures in the next report. The findings of this study are believed to contribute to the state of the art significantly given that the notable improvements are achieved in the presence of already strong carbon fiber reinforcements.
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Figure-1: (a) Flexural stress-strain curves, (b) tensile stress–strain curves (c) Poisson’s ratio versus axial strain of carbon fiber-reinforced epoxy specimens with different TEGO arrangements and (d) window of percentage improvement in mechanical performance with respect to the properties of CFRP.
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