Static and fatigue performance of GNP coated bi-directional carbon fibre-epoxy composites under bending loads
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Abstract
The addition of graphene nanoplatelets as a nanofiller on the surface of pristine and oxidized carbon fiber for making reinforced polymer composites has shown improvement in monotonic flexural properties. However, the fatigue response of these laminates under bending loads has not been investigated so far. The current study aims to examine the monotonic and fatigue behaviour of the graphene nanoplatelets (GNPs) coated bi-directional pristine and oxidized carbon fiber epoxy composites under bending loads. Eight layers of fabrics were used to manufacture the laminates through vacuum-assisted resin transfer molding technique (VARTM). An optimum amount of GNP addition on oxidized fiber leads to ~830-fold enhanced fatigue life at higher stresses as compared to pristine laminates. However, excessive GNP addition on pristine as well as oxidized fiber leads to a deterioration in fatigue life. In-situ optical microscopic examination was done to observe the crack initiation and propagation of all the specimens with respect to the number of cycles coupled with postmarterm SEM images of the fracture surfaces.
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[bookmark: _Toc30239179]Introduction
Carbon fiber reinforced polymer (CFRP) composites have a high strength-to-weight ratio but are intrinsically inhomogeneous and hence susceptible to failure by ply delamination or micro-cracks at the interface of reinforced fiber and matrix when subjected to continuous cyclic loading [1]. Nanofillers like carbon black, nano-silica particles, carbon nanotube and graphene oxides [2–5] have been incorporated in the epoxy matrix in various studies and improved strength and stiffness have been observed. However, the interface/interphase between the carbon fiber and the epoxy can selectively be strengthened by the coating of nanofiller on carbon fibers using different coating techniques e.g. layer by layer coating, solvent spraying and electrophoretic deposition [6–9]. Interphase strengthening resulting from improved adhesion between the fiber and the matrix leads to improvement of interlaminar shear strength [6,10], tensile strength [7,8,11], flexural strength [7,9,12,13], and fracture toughness [7,14] of the composites. Another way of improving the interface properties of CFRPs includes the alteration in physical and functional properties of the fibers e.g. surface roughness, surface energy, surface functionality, wettability etc. [15,16]. Desizing and the subsequent oxidation of the carbon fiber have been used to improve the surface functionality of the carbon fibers and an improvement of 20% in both flexural strength and flexural modulus of graphene nanoplatelets (GNP) coated oxidized carbon fibre reinforced epoxy composite has been reported due to the formation of larger interphase between carbon fibre and the epoxy [12]. However, the studies on flexural and tension fatigue response of GNP-reinforced carbon fibre epoxy composites are very limited [17–20]. An improvement in flexural fatigue life by up to 155% has been achieved through the incorporation of 0.1 wt.% GNP in CFRPs. The laminates have been manufactured by GNP-epoxy mixing through a 3-roll high shear mixture and subsequent hand layup and compression mould processes of 10-layer woven carbon fabrics [17]. Another study compared the flexural fatigue life of different CFRP laminates with different mixing ratios of the multi-walled carbon nanotubes (MWCNTs) and GNPs in epoxy [18]. Fourteen layers unidirectional carbon fiber epoxy laminates were made through hand layup and subsequent hot-pressing process. An improvement of 9.3% and 11% in monotonic flexural strength and fatigue limit respectively of the laminates modified with a nanofiller ratio of 9:1 (MWCNT: GNP) was achieved. Shen et al. [19] reported 37 times enhancement in tension fatigue life of  CFRPs in which 0.25 wt.% GNPs-mixed epoxy was used to manufacture the laminates through hot compression molding. Another study compared the tension fatigue life of the CFRPs in which MWCNT and few-layered graphene (FLG) were added in epoxy and the laminates were manufactured through hot press molding [20]. A maximum improvement of 5- and 15- fold in tension fatigue life of the MWCNT and FLG modified CFRPs respectively was reported. However, the evolution of failure/damage of CFRPs under fatigue loading has not been explored during the test.
A novel material system which comprises of GNPs coated on oxidized carbon fibers in CFRPs was used to investigate the flexural fatigue response and compared with pristine laminates and laminates with graphene coating on pristine fibers. The GNP/CF/epoxy laminates were manufactured through the vacuum-assisted resin transfer molding (VARTM) technique and tested under monotonic flexural and continuous bending cyclic loading conditions. An in-situ examination of the crack initiation and propagation during the flexural fatigue of the CFRPs has been investigated in the current study using an optical microscope. 
[bookmark: _Toc30239185]Materials and methods
Materials
Bi-directional 2 × 2 twill woven 3K carbon fiber (polyacrylonitrile based), graphene nanoplatelets (GNPs) and an epoxy resin were used in the study. Carbon fabric had identical yarns of 3000 filament count of diameter 7 µm each. Carbon fiber filaments coated with epoxy-compatible sizing were purchased from Bhor Chemicals and Plastics Pvt. Ltd., Mumbai, India. The tensile strength and the elastic modulus of the carbon fiber (CF) were quoted as 4000 MPa and 240 GPa respectively. Graphene nanoplatelets (purity ~99%) with an average lateral dimension of 5-8 µm and thickness ~2–5 nm was supplied by Ad-Nano Technologies Private Limited, Karnataka, India. The quoted surface area and the number of layers of GNPs were ~380 m2/g and 2-4 respectively. Laminating grade low viscosity epoxy resin (Epofine–5052) and Finehard–5052 as a hardener was provided by Fine Finish Organics Private Ltd., Mumbai, India. Epoxy resin and hardener were mixed in a ratio of 100:38 by weight as per the manufacturer’s datasheet. Sulfuric acid and nitric acid of EMSURE® grade with a concentration of 98% and 69% respectively were used to oxidize the carbon fabrics and were procured from Merck Life Science Private Ltd. India. All the materials were used as received unless otherwise stated.
Carbon fiber surface modification
The schematic of the carbon fiber fabric surface treatment is shown in Fig. 1a. Initially, the desizing of the bidirectional carbon fiber fabrics was carried out by refluxing them in acetone at 80 oC for 48 hours. After refluxing, the fabrics were washed through deionized (DI) water and then subsequently dried in a vacuum oven at 80 oC for 16 hours. Later, oxidation of the desized fabrics was performed by putting them in a mixture of concentrated nitric acid and sulfuric acid (1:3 by volume). The oxidation was done by keeping the acid-dipped fabric under ultrasonication at 60 oC for 12 minutes. Afterwards, the fabrics were washed through deionized (DI) water repeatedly until pH ∼ 7 and then subsequently dried in a vacuum oven at 80 oC for 20 hours. The desized-oxidized carbon fiber is named as DOCF12. 
[bookmark: _Toc30239167]Spray coating of GNPs on carbon fibers
An airbrush system (Pilot power AB-15) manufactured by Manik Radiators Pvt. Ltd. India, connected through the high-performance single-piston air compressor was used for spraying the GNPs. The schematic of the spray coating procedure is shown in Fig. 1. The coating of GNPs on carbon fiber fabrics with a concentration of 0.4 wt.% in 0.4GNP and 0.4GNP-DOCF12 laminate respectively was done through a spray gun. Before spray coating, sonication of different weight percent of the GNPs in 300 ml ethanol was done for 30 minutes via probe-type sonicator (3 kHz, 250 Watts) (Fig. 1b). The GNP-ethanol suspension was first filled in the spray gun and then spraying was done on both sides of the fabric consecutively. Eight fabrics were spray-coated for each set of laminates.
[bookmark: _Toc30239188]Manufacturing procedure of the GNP/CF/epoxy laminates
[bookmark: _Hlk133509850]The laminates were prepared through the vacuum-assisted resin transfer molding (VARTM) technique as shown in Fig. 1 (c). Initially, the stacking of eight carbon fabrics was done on the flat granite table to prepare the vacuum bagging.  The peel ply on both sides of the fabric stack and the flow mesh on the top side of the fabric stack were placed. Two openings: one for the inlet of the epoxy-hardener mixture and another outlet for pulling out the air from bagging, were prepared with the help of a vacuum cylindrical pipe (inlet and outlet pipes in Fig. 1c ). Before infusion, the degassing of the epoxy-hardener mixture was done for the removal of the air bubbles which might get trapped during the mixing process. After degassing the epoxy-hardener mixture, the vacuum was initiated through the outlet connected with the vacuum pump and after the opening of the inlet valve, the resin mixture was infused and passed through the flow mesh. Flow mesh enables the resin to stream uniformly in all directions. The laminate was cured in two stages: in the first stage, the laminate was cured at ambient temperature for 24 hours and in the second stage, it was kept in an oven at 100 oC for 2.5 hours. A control laminate without any treatment of the fibers or coating of GNPs has been named as “pristine” while 0.4GNP laminate implies that 0.4 wt.% GNP was coated on the pristine fabric and 0.2GNP-DOCF12 as well as 0.4GNP-DOCF12 laminates were made by coating 0.2 wt.% and 0.4 wt.% GNP respectively on oxidized fabric. Final thickness of the pristine, 0.4GNP, 0.4GNP-DOCF12, 0.2GNP-DOCF12 and 0.8GNP laminate is 1.8 ± 0.03 mm, 1.83 ± 0.02 mm, 1.82 ± 0.06 mm, 1.8 ± 0.03 mm and 1.86 ± 0.02 mm respectively.
Testing and characterization
Scanning electron microscopy (SEM) Hitachi S–3400 N model was used to investigate the morphology of the carbon fibers and failed composite fracture surfaces. The fracture samples were coated with a few nanometers layer of gold before the examination. Surface topographies of carbon fibers were observed by atomic force microscopy (AFM–MFP–3D Asylum research, USA) in tapping mode. Minimum five areas of 1 × 1 μm2 of the fiber surfaces were scanned to obtain the average surface roughness (Ra) and root mean square (RMS) roughness (Rq).
Surface functional groups of the carbon fibers and GNPs were investigated through Fourier-transform infrared spectroscopy (FTIR) (Bruker, Germany–3000 Hyperion Microscope with Vertex 80 FTIR System) using powder-pressed KBr pellets. The wavenumber range of the FTIR spectra was taken as 500–4000 cm−1 with a resolution of 0.2 cm−1.
The flexural test was performed at a crosshead speed of 1 mm/minute using Instron ElectroPuls™ E1000 of 1kN capacity. Specimen geometry for the test was taken as 40 mm (total length) × 13.5 mm (width) × 1.8 mm (thickness) and the span to thickness ratio was maintained as 16:1 as per ASTM D790-02. A minimum of four specimens per condition was tested for flexural response. Strain gauges of 2 mm gauge length were adhered to the tension side of the specimens and connected to the P3 strain indicator and recorder to record the strains during the test. In-situ optical images were captured during the test through Redical Scientific stereo microscope (Model OM-19).
[bookmark: _Hlk101028460]The fatigue test was carried out at different fractions of the respective flexural strength by Instron ElectroPuls™ E1000 of 1 kN capacity. The test was performed under load control mode at a frequency of 5 Hz. The R-ratio (σmax/σmin) was kept as +0.1 and the number of cycles to failure against the stress levels was obtained. The fractured surfaces of the tested specimens were observed under SEM to understand the failure behavior under cyclic loading. In-situ observation during the test was done using an optical microscope to record events of crack initiation and propagation.
[bookmark: _Toc30239190]Results and discussion
[bookmark: _Toc78202954]Characteristics of carbon fibers
SEM micrographs of pristine and DOCF12 carbon fiber are shown in Fig. 2. The pristine carbon fiber in Fig. 2 (a) appears to be a smoother surface compared to DOCF12 fibers in Fig. 2 (d). Both fabrics were observed at higher magnification also and in both fibers longitudinal grooves can be seen (Fig. 2 b, c, e, f). However, DOCF12 fibers seem to have rougher surfaces compared to pristine.
Fig. 3 shows the FTIR spectra of pristine and DOCF12 carbon fiber. The presence of –OH group at 3435 cm-1 and 1430 cm-1 is observed in both carbon fibers. However, the peaks at 1730 cm-1 represent C=O group due to the presence of ketone in DOCF12. Both peaks of –OH and C=O functional groups are featured as carboxylic acid functional groups. 
AFM images were taken to further observe the carbon fibers and are shown in Fig. 4. A significant difference in morphology between pristine and DOCF12 carbon fibers can be seen. Pristine carbon fiber in Fig. 4 (a) showed a relatively neat and smooth surface, and a few very fine layers of sizing agent which were used to size the carbon fibers during the manufacturing process. Narrow longitudinal grooves along the fiber axial direction were also seen in pristine carbon fibers. The layers of sizing seem to be removed after the desizing and oxidation treatment in Fig. 4 (b). Also, the longitudinal grooves in DOCF12 became deeper and coarser compared to pristine carbon fibers. The average surface roughness Ra and RMS roughness Rq of pristine and DOCF12 carbon fibers are shown in Table 1. Both Ra and Rq values of DOCF12 were found to be increased by ~3 times compared to pristine carbon fibers. These grooves are not wide and deep enough for the thin but wide GNPs to sit inside them.
[bookmark: _Ref133489767]Table 1. Average surface roughness (Ra) and Root mean square (RMS) roughness (Rq) of carbon fibers measured through AFM
	Carbon fiber
	Ra (nm)
	Rq (nm)

	Pristine
	2.22 ± 0.75
	2.88 ± 0.95

	DOCF12
	6.3 ± 1.94
	8.42 ± 2.65

	
	
	


Flexural Properties
The average flexural strength, flexural modulus and flexural strain at maximum flexural stress (failure strain) of the pristine and GNP-added laminates have been shown in Fig. 5. There is an improvement of ~11% and ~17% in the flexural modulus of 0.4GNP and 0.4GNP-DOCF12 laminates compared to pristine laminates. However, there is no substantial change in the flexural modulus of 0.2GNP-DOCF12 and 0.8GNP laminates. The average flexural strength of 0.4GNP, 0.4GNP-DOCF12 and 0.2GNP-DOCF12 laminates is similar to the pristine laminate. However, there is a decrease of 23% in flexural strength of 0.8GNP laminates respectively (Fig. 5a). Also, there is a reduction of 6%, 9% and 26% in failure strain of 0.4GNP, 0.4GNP-DOCF12 and 0.8GNP respectively with respect to pristine laminate (Fig. 5b). Failure strain of 0.2GNP-DOCF12 laminate did not show significant changes compared to pristine laminate. Thus, all GNP-added laminates except 0.2GNP-DOCF12 show a reduction in failure strain compared to pristine laminate.
Failure evolution under flexural loading
The specimens tested under flexural loading were examined from different perspectives in-situ and after the tests to understand the failure mechanism of the composites. The optical images of the failed specimens were shown in Fig. 6 (a, d, g, j and m) to examine the failure from fabric layers which can be seen in the thickness of the specimens under the loading ram. The images were taken after the test ended and before breaking the specimens into two parts for SEM micrographs. The number of delaminated layers along the specimen’s length is higher (indicated by the red arrow) in pristine laminate compared to 0.4GNP, 0.4GNP-DOCF12 and 0.2GNP-DOCF12 laminate (Fig. 6 a, d, g and j). 0.4GNP-DOCF12 laminate showed larger crack branching in transverse tows of fibers compared to other laminates. Major delamination at the compression and tension side of 0.8GNP laminate can be seen in Fig. 6m.
The SEM images were taken from both longitudinal and cross-sectional fiber orientation segments of the failed specimens. The adherence of epoxy to the fiber surfaces is larger in 0.4GNP, 0.4GNP-DOCF12 and 0.2GNP-DOCF12 laminates compared to pristine laminate (Fig. 6 b, e, h and k). Also, in 0.8GNP laminate, epoxy adherence along with fiber breakage is observed in Fig. 6k. The debonding gaps (indicated by yellow marks) in cross-sectional fibers of pristine laminates are larger (1 – 2.4 μm) compared to 0.4GNP (0.5 – 1.35 μm), 0.4GNP-DOCF12 (0.5 – 0.8 μm) and 0.2GNP–DOCF12 laminates (0.4 – 0.7 μm) (Fig. 6 c, f, i and l). In Fig. 6o, a crack deflection through the transverse fibers indicated by red dashed line can be seen in 0.8GNP laminate. 
Fatigue properties
The fatigue tests under bending loads were performed at different stress levels keeping the stress ratio (R = minimum applied stress/maximum applied stress) as 0.1 and a frequency of 5 Hz. The tests were performed for a minimum of two specimens for each stress level and the average results are represented in Fig. 7a and b. Also, the test was not performed for 0.8GNP laminates due to its deteriorated flexural response compared to pristine and other laminates. At the highest stress levels (640 – 690 MPa), GNP-added laminates failed at a higher number of cycles compared to pristine laminate. Moreover, 0.2GNP-DOCF12 specimen shows the highest number of cycles to fail (~830-fold) compared to pristine laminate at higher loads. However, at lower stress levels (540 – 620 MPa), 0.4GNP-DOCF12 laminate failed at a smaller number of cycles when compared with other laminates. On the other hand, 0.4GNP laminate failed at a slightly higher number of cycles compared to pristine laminates at lower stress levels (540 – 580 MPa) as well. Furthermore, 0.2GNP-DOCF12 laminates failed at a similar number of cycles compared to pristine laminates at lower stress levels (540 – 620 MPa).
Damage evolution under flexural fatigue loading
Damage evolution in the laminates during the three-point bend fatigue test has been recorded using an in-situ stereo optical microscope and it has been shown for the highest and lowest stress levels in Fig. 8 and Fig. 9 respectively. Pristine laminate in Fig. 8a shows delamination (indicated by a red box) of the top ply after 2 cycles and another ply delamination is also seen after 5 cycles. Further, after a cycle, sudden failure of the pristine laminate happened and the complete laminate failure can be seen after 6 cycles. In 0.4GNP laminate, a top ply delamination after 520 cycles is shown in Fig. 8b and the final failure of the laminate happened after 1500 cycles. Delamination at multiple locations which are near and far from the loading ram can be seen after the final failure of the 0.4GNP laminate (indicated by red lines). After the final failure of the 0.4GNP-DOCF12 laminate at 32 cycles, a major shearing band along with delamination at plies which were under tension can be seen in Fig. 8c. In 0.2GNP-DOCF12 laminate, multiple delaminations at the tension plies can be seen after 2000 cycles Fig. 8d. After 3000 cycles, major delamination is seen at the compressive ply along with few transverse cracks merging with delamination in the middle. The final failure of the laminate shows major delamination along with complete ply failure through fiber breakage.
At the lowest stress level, pristine laminate in Fig. 9a shows initial delamination of the compressive ply at 1000 cycles which does not appear to be propagated till 1 × 106 cycles. Also, transverse cracks are seen after 6.1 × 105 cycles which also do not propagate till the final cycles.  0.4GNP laminate shows a small crush at the compressive ply after 5 × 104 cycles in Fig. 9b which does not appear to be propagated till 1 × 106 cycles. Similar to pristine laminate, a transverse crack within the tow appears after 6.3 × 105 cycles which also does not propagate till the final cycles. However, in 0.4GNP-DOCF12 laminates (Fig. 9c), delamination at tension ply appears after 100 cycles and is propagated rapidly. After 1 × 104 cycles, two different ply delamination appear and both of them propagated till 2 × 104 cycles. One of the former delaminations is merged with delamination started after 100 cycles and expands till the final failure of the laminate. On the other hand, 0.2GNP-DOCF12 laminates in Fig. 9d show the initiation of multiple delaminations in the compressive and tension plies at different cycles. However, these delaminations do not appear to be propagated much till 1 × 106 cycles.
SEM fractographs were taken to understand the failure mechanism(s) of specimens tested under bending fatigue loading conditions (Fig. 10 and Fig. 11). The specimens failed in two different ways; the first one got separated into two parts perpendicular to the length and the second one got delaminated from the thickness as well (Fig. 11 inset). The delamination occurred in all laminates except 0.2GNP-DOCF12 and that is the reason the corresponding image is not present in Fig. 11. The first kind of fracture surfaces at the highest stress level are shown in Fig. 10 which are further divided into two parts: longitudinal Fig. 10 (a-d) and cross-sectional Fig. 10 (e-h). In Fig. 10 (a-d), adherence of epoxy on carbon fibers in 0.4GNP and 0.2GNP-DOCF12 laminate is larger compared to pristine and 0.4GNP-DOCF12. However, in cross-sectional micrographs (Fig. 10 e-h), a lower number of fiber pull-outs are seen in 0.4GNP-DOCF12 and 0.2GNP-DOCF12 laminates compared to pristine and 0.4GNP laminates. 
The delamination of the specimens occurred at 610 – 620 MPa stress level and the detailed fractographic examination was done in Fig. 11 for all the laminates except 0.2GNP-DOCF12. Pristine laminate in Fig. 11a shows the presence of a large amount of closely packed epoxy in between the fibers which can further be seen in the magnified view in Fig. 11b. Delaminated surface of 0.4GNP and 0.4GNP-DOCF12 laminates show the presence of GNP mixed epoxy clusters in Fig. 11c and e respectively. The agglomerates of GNP seen in Fig. 11d, f and g have the morphology of sharp and stacked flakes which are embedded in the epoxy. 
Discussion
Pristine carbon fibers have smooth grooves and as a result small amount of GNPs e.g. 0.2 wt.% and 0.4 wt.% GNP can sit on the fibers’ surface. However, as the GNP content is increased e.g. 0.8 wt.% GNP, the surface of the fibers is not large enough to incorporate all the GNPs and as a result agglomerates are formed which are detrimental for strength and toughness. The acid-treated fibers have a grooved surface resulting in hills and valleys and as a result, the effective surface on which the GNPs can sit is reduced considerably. This increases the chances of agglomeration of GNPs even when the GNP content is not very high (e.g. 0.4 wt.%). Moreover, the functional groups in the valleys of the fibers cannot connect with the GNPs and as a result no adhesion between them results. As a result, oxidized fiber with grooves should be coated with less GNP than a pristine fiber and the same has been represented by Fig. 12.
Flexural fatigue entails that CFRPs undergo cyclic compression and tension on the top and bottom layer of the laminate respectively. The initiation of microcracks in the matrix or at the interface between the fiber-matrix of the CFRPs occurs due to the fluctuating loads. These microcracks propagate upon continuous fluctuating loads and coalesce with other transverse cracks or ply delamination at a macroscopic level. Further continuous loading leads to coalescence of inter-ply cracks, intra-ply delamination, matrix cracking and fiber breakage and at last, the CFRP is unable to withstand the fatigue loads and loses its integrity. At low values of stresses and after multiple cycles, numerous small defects can nucleate inside the composites and not propagate for a long time. However, at high stresses a less damage tolerant material is expected to fail in a few number of cycles since crack initiation is relatively easier and propagation follows since the material is not able to divert the crack internally.
It can be seen that the failure stress under monotonic flexural loading for all the laminates is not very different. However, laminates with 0.8 wt.% GNP coating on carbon fibers showed the lowest strength. Thus, increasing GNP does not necessarily enhance the strength and an optimum amount promises the highest strength [9]. This happens as a higher GNP content does not find enough surface area on the fibers to settle in and forms agglomerates due to strong π-π interplanar stacking that serve as sites for crack initiation [21,22]. However, all the GNP-coated laminates either on pristine or oxidized fibers showed lower debonding gaps after failure under monotonic loading or fatigue since addition of GNPs improves the interphase distance [11,12].
Fatigue loading done at high stresses, which in the current study tantamounts to the maximum load of around 90% of the failure strengths, results in easy crack initiation and not much propagation time is taken till failure. The delay in failure usually can be implemented if the cracks once nucleated are not able to propagate. The pristine laminate fails catastrophically at a very low number of cycles as there is very less resistance to the growing crack. As GNPs are added to laminates, the failure life is delayed as the defects that were easily nucleated at such high strengths faced resistance for propagation by graphene particles. The maximum number of cycles to failure at such high loads has been shown by 0.2GNP-DOCF12 sample which is expected to show the highest bonding between epoxy and the fiber as well due to the presence of extra ketone group as was seen in FTIR. This helps in the tolerance of multiple small delaminations and not letting them propagate between the fibers and the epoxy as can be seen in the in-situ images. However, 0.4GNP-DOCF12 did not show as high resistance towards propagation as the other GNP-coated laminates. Oxidation of the carbon fibers has a drawback in terms of deteriorating the integrity of the fabric and hence it is expected that these slightly damaged fabrics are not able to hold large GNP content easily (Fig. 12). Moreover, due to the poor integrity of the fibers, the fibers are easily cut by the crack as can be seen in the in-situ optical images.  
As the stress level is decreased during fatigue, the pristine laminate showed the most drastic enhancement in fatigue life. This implies that below a critical stress, it is very difficult to initiate a crack in the pristine laminate due to its clean structure with neat fibers and without edges and discontinuities that are present in GNP-coated laminates, especially on the oxidized fiber. The in-situ optical images of the pristine laminate under the application of the lowest stress show a very limited number of defects even at a large number of cycles and hence the long life of the pristine laminates. Due to the multiple interfaces in GNP-coated laminates, it is easier to initiate a crack at low stresses. This is exacerbated in the 0.4GNP-DOCF12 laminates as GNP agglomeration due to insufficient coverage on the fiber has occurred. Moreover, the fiber itself has become rough with multiple grooves due to the acid treatment and hence provides easy sites for crack initiation.  However, crack propagation is the most difficult for 0.2GNP-DOCF12 and GNP-coated laminates on pristine fibers due to GNPs providing a barrier for crack propagation. But at small stresses, the failure is crack initiation controlled.
Conclusion
This work studied the effect of GNP coating on pristine and oxidized carbon fibers on the monotonic flexural and fatigue response of GNP/CF/epoxy composites. An in-situ microscopic examination of laminates was done to record the ease of microcrack initiation and propagation during the fatigue tests. The fractured surfaces were examined under SEM to understand the GNP/CF/epoxy adhesion at the microscopic level. The key investigation of this study is summarized below.
· [bookmark: _Hlk134009706]Among all the tested laminates, the optimal configuration for achieving the best flexural properties and fatigue response is 12-minute oxidized carbon fibers coated with 0.2 wt.% of GNP. However, increasing the GNP wt.% further e.g. 0.8 wt.% decreases the flexural strength.
· A maximum of 830-fold improvement in the mean flexural fatigue life of the 0.2GNP-DOCF12 sample as compared to the pristine laminate was observed at a fatigue stress level of 90% of the maximum strength.
· SEM fractographs revealed enhanced interfacial adhesion among GNP, CF and epoxy in GNP-added laminates. Also, at one lower stress level, agglomerates of GNP mixed in epoxy were found on the delaminated surfaces of the GNP-added laminates except in 0.2GNP-DOCF12.
· The pristine laminate performs as good or better than GNP-coated laminates at lower stress levels.
· In-situ studies showed that lower defects nucleated at low stresses but at higher stresses higher number of defects are visible but GNP-coated laminates are able to tolerate these defects till a higher number of cycles especially at the higher stresses.
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[bookmark: _Ref36479394]Fig. 1. Schematics of fabrication procedure of GNPs/carbon fibers/epoxy composites (a) desizing and oxidation of carbon fiber fabrics, (b) preparation of GNP-ethanol suspension by probe sonication; GNP spray coating on carbon fiber fabrics through an airbrush (subset) and (c) VARTM technique for laminate manufacturing
[image: ]
[bookmark: _Ref78017326][bookmark: _Toc78202971]Fig. 2. SEM micrographs of carbon fibers (a-c) Pristine, (d-f) DOCF12
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[bookmark: _Ref77975201][bookmark: _Toc78202972]Fig. 3. FTIR spectra of carbon fibers (a) Pristine, (b) DCOF12
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[bookmark: _Ref87892562]Fig. 4. AFM topography images of carbon fiber (1 μm × 1 μm) (a) Pristine and (b) DOCF12
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[bookmark: _Ref87910835]Fig. 5. Average flexural properties of GNP/CF/epoxy composite
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[bookmark: _Ref92365995]Fig. 6. Optical and SEM micrographs of specimens failed under flexural loading
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[bookmark: _Ref94521959]Fig. 7. Fatigue test results: (a) Maximum applied flexural stress S (MPa) versus cycles to failure (N) and (b) stress level in % (maximum applied stress/flexural strength) vs cycles to failure (N) for pristine, 0.4GNP, 0.4GNP-DOCF12 and 0.2GNP-DOCF12 laminate
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[bookmark: _Ref113194210]Fig. 8. Progressive damage evolutions of GNP/CF/epoxy laminates under flexural fatigue loading at highest stress level (646 – 684 MPa); N – cycles, Nf – cycles to fail
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[bookmark: _Ref113194368]Fig. 9. Progressive damage evolutions of GNP/CF/epoxy laminates under flexural fatigue loading at lowest stress levels (538 – 547 MPa); N – cycles, Nf – cycles to fail
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[bookmark: _Ref94614251]Fig. 10. SEM micrographs of failed specimens under bending fatigue loads at the highest stress level (a) Pristine, (b) 0.4GNP, (c) 0.4GNP-DOCF12 and (d) 0.2GNP-DOCF12 longitudinal section; (e) Pristine, (f) 0.4GNP, (g) 0.4GNP-DOCF12 and (h) 0.2GNP-DOCF12 cross-section
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[bookmark: _Ref94614106]Fig. 11. SEM micrographs of delaminated specimens under bending fatigue loads at 610 – 620 MPa stress level (a-b) Pristine, (c-d) 0.4GNP and (e-g) 0.4GNP-DOCF12; inset shows the delaminated surface used to observe under SEM
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[bookmark: _Ref113959606]Fig. 12. Schematic of interfacial interactions in GNP/CF/epoxy laminates
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