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ABSTRACT
Carbon fiber-reinforced polymer composites are strong, light weight and corrosion-resistant but are prone to fail at the interface of fiber and epoxy due to weak interfacial adhesion between the epoxy and the fiber. Formation of an interphase region with a continuous gradation of properties between fiber and the epoxy can potentially delay failure. Development of a larger interphase can be facilitated by the incorporation of graphene platelets on carbon fiber (CF) surface through various deposition processes. The present investigation utilizes a unique combination of carboxyl functionalized graphene (G-COOH) and magnesium nitrate hexahydrate to create a colloidal solution for the particulate type deposition of G-COOH onto carbon fibers through electrophoretic deposition (EPD). Four layers of EPD deposited carbon fibers have been used to make the composite using vacuum assisted resin transfer molding technique. Tensile and flexural tests have been conducted on the pristine and 0.45 wt.% G-COOH deposited carbon fiber (0.45G-COOH CF) epoxy composite. G-COOH addition leads to thickening of the interphase which has been confirmed through energy-dispersive X-ray spectroscopy line scanning. The tensile and flexural strength properties of the G-COOH deposited composites showed an increase of 62% and 12% respectively. These improvements can be attributed to the uniform deposition of G-COOH particles on the fiber and an increase in interphase thickness. Moreover, the addition of G-COOH in composites resulted in a 38% increase in tensile strain. The fracture surfaces of the failed composites were thoroughly examined through scanning electron microscope (SEM) and they showed that the failure mechanisms in both tension and flexural loading were severely affected by the presence of G-COOH.
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1. Introduction
Carbon fiber reinforced polymer composites (CFRPs) are relatively light-weight and have high specific stiffness, strength and corrosion resistance. This has led to an extremely fast growth of CFRPs’ demand in various sectors such as aerospace, sports, automobile, wind energy, etc. over the last decade [1,2]. CFRPs constitute an interface/interphase region between the CF reinforcement and epoxy matrix [2]. The mechanical properties of overall composite material depends on the properties of the interface/interphase which allows a gradual transfer of load from reinforcement to matrix by a combination of chemical bonding and mechanical interlocking [3]. Many studies have reported interphase enlargement through incorporation of graphene nanoplatelets (GNPs) [4–7], graphene oxide (GO) [8–13], graphene hydroxyl (GOH) [14], amino-functionalized GO [15] and reduced graphene oxide (rGO) [16] on the surface of carbon fibers by employing a range of deposition processes like dip coating, spray coating, electrophoretic deposition (EPD) etc. [17–19]. 
EPD is an effective method among these coating methods because of its short period of deposition time and its ability to deposit more nanofillers on the substrate [17]. This process is carried out either by direct current or alternating current. EPD process includes two steps: electrophoresis and deposition. Electric force drives the charged particles towards oppositely charged electrodes in electric field suspension, in the case of electrophoresis. Graphene flakes are deposited on the surface of the electrode due to electrical force in the deposition step and this process is feasible for <30 µm size particles. Previous studies on EPD confirm that the amount of particle deposition on the substrate depends on concentration of graphene particles in aqueous solution (g/L), electric field, electrical conductivity, solvents, etc. EPD can be carried out in two ways: anodic and cathodic. Particles with positive charge are deposited on the cathode working electrode in cathodic EPD, while negatively charged particles are deposited on the anode working electrode in anodic EPD. EPD can also be performed by the addition of some salts (e.g. Mg(NO3)2, AlCl3, Y(NO3)3 etc.) into the suspension. Negatively charged graphene flakes get a positive charge by adsorption of positive metal ions [8]. Liu et al. have shown that interaction between negatively charged carboxylic graphene and positively charged Mg+2 results in assembling Mg+2 on the end of carboxylic functional groups [20]. Juan Yang et.al concluded that Mg+2 ion-modified graphene nanosheets (GNS) film exhibits porous and rough surface. Gangineni et al. have reported that carboxyl graphene (G-COOH) exhibits the highest improvement in flexural strength and interlaminar shear strength (ILSS) among other nanofillers in deposited composites, including nanoplatelets (GNPs), hydroxyl graphene (G-OH) and graphene oxide (GO) [21]. Yandrapu et al. reported an improvement of 26.6% in flexural strength and 35% in ILSS through the dispersion of carboxyl graphene (G-COOH) and methyl violet (MV) in DI water. The surface morphology of the deposited carbon fiber revealed the presence of a few nanofillers, along with adsorbed MV. However, the particle concentration (0.5 g/L), deposition current (7.5 A) and duration (60 min) parameters used in the procedure were all relatively high [22].
Surface morphology of previous studies of electrophoretic deposition could not show highly concentrated individual (i.e. particulate type) G-COOH deposition onto the surface of CF fabric. Moreover, these studies utilized higher concentrations of G-COOH in the dispersion solution, along with higher deposition currents and longer deposition times. Additionally, the composites were fabricated using the hand-layup method. The optimization of EPD process parameters to achieve particulate-type deposition with reduced time duration and nanofiller concentration has not been investigated thus far. Furthermore, manufacturing of such laminates through vacuum assisted resin transfer moulding (VARTM) technique has also not been explored yet. The nature of graphene deposition also influences the flow of the resin and hence is a crucial determinant of the quality of the composite as well. 
In the current study, an EPD suspension solution was prepared by dispersing G-COOH platelets and Mg(NO3)2·6H2O in DI water with ratio of 10:1. An optimized set of EPD process parameters was chosen to achieve a particle type deposition of 0.45 wt.% of G-COOH platelets on the CF fabric (0.45G-COOH CF), relative to the weight of the CF fabric. Subsequently, PCF and 0.45G-COOH CF composites were fabricated using the vacuum-assisted resin transfer molding (VARTM) method. The tensile and flexural properties of the PCF and 0.45G-COOH CF reinforced epoxy composite were studied. Scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR) and laser Raman spectroscopy were used to examine the morphology and characteristics of both PCF and 0.45G-COOH CF surfaces. Delaminations and interply failures during the flexural test were observed using an optical stereo microscope. Additionally, failed specimens were analysed under SEM to observe failure mechanisms. The advantages of particle type deposition over film type deposition of G-COOH using VARTM have also been discussed.
2. Experimental
2.1. Materials
Carboxyl graphene (G-COOH) powder in a length range of 5-10 μm for X and Y dimensions and an average thickness of 5-10 nm (Z dimension), an average number of layers between 5 and 10, surface area 60-200 m2/g used for deposition was purchased from Techinstro, located in Maharashtra, India. A 3k woven twill fabric made from polyacrylonitrile (PAN) based carbon fibers was obtained from Bhor Chemicals India Pvt. Ltd., located in Mumbai, India. The carbon fibers in the fabric have a filament diameter of 7 μm. According to the manufacturer's datasheet, the carbon fiber exhibits a tensile strength of 4000 MPa, a density of 1.8 g/cm3 and a percentage elongation of 1.7%. DGEBA (Bisphenol-A-diglycidyl ether) based POFINE®-5052 epoxy resin and FINEHARD™-5052 polyamine hardener were supplied by Fine Finish Organics Pvt. Ltd., located in Mumbai, India. The manufacturer's datasheet recommends a mixing ratio of epoxy resin to hardener as 100:38 by weight. Extra pure magnesium nitrate hexahydrate (Mg(NO3)2·6H2O) with a purity of 98% was purchased from Loba Chemie Pvt. Ltd., located in Mumbai, India. Unless stated otherwise, all materials were used as received without any modifications.
2.2. EPD suspension preparation
Fig. 1 (a) demonstrates a schematic representation of the solution preparation method employed for the EPD process. A concentration of 0.01 g/L of Mg(NO3)2·6H2O was dispersed in deionized (DI) water, followed by 15 minutes of ultrasonication to ensure homogeneous solution and the generation of Mg+2 ions. Subsequently, G-COOH platelets in powder form were added to the solution at a concentration of 0.1 g/L, followed by 5 minutes of ultrasonication. The weight ratio between G-COOH platelets and Mg(NO3)2·6H2O was 10:1. The resulting mixture was then probe sonicated for 45 minutes and further ultrasonicated for 30 minutes before being transferred to an EPD cell.
2.3 EPD process to deposit G-COOH on CF
The schematic representation of the EPD process used to deposit G-COOH on PCF fabrics is shown in Fig. 1 (b). The process involved the following: Unidirectional woven carbon fiber fabrics measuring 15 cm × 15 cm were covered with adhesive conductive copper tape along the fabric edges to acquire uniform electric field and structural stability during the deposition process. These fabrics were then immersed in an EPD cell of prepared suspension and connected to the cathode (-ve) as the working electrode. Two stainless steel plates measuring 15 cm × 15 cm were immersed on either side of the fabric with 10 mm gap and connected to the anode (+ve) to serve as counter electrodes. A constant direct current voltage of 15 V was applied to the electrodes for a duration of 20 minutes to facilitate the deposition of G-COOH platelets onto the fabrics. Ultrasonication was also performed simultaneously to ensure uniform deposition. The wet-deposited carbon fiber fabric was subsequently allowed to dry at room temperature for 2 hours, followed by drying in an oven at 80°C for 8 hours. The weight percentage of deposited G-COOH was determined by measuring the weight of the CF fabric before and after the EPD process. The weight of the copper tape was subtracted during the calculation. The resulting weight percentage of G-COOH deposited under the mentioned EPD process parameters was 0.45%.
2.4 Fabrication of G-COOH/CF/epoxy laminates
Fig. 1(c) shows a schematic representation of the VARTM method. The process involved the following: Vacuum bagging was created on a flat granite table after applying a cleaner and mold releasing agent. Four layers of carbon fabric were stacked between two peel ply layers. A flow mesh was positioned on top of the peel ply to facilitate resin flow. A transparent bagging film was applied using double-sided sealant tape, creating two openings using high-pressure pipes for resin inlet and outlet. Further, the epoxy resin and hardener were manually mixed in a ratio of 100:38 by weight. The mixture was degassed inside a vacuum chamber to remove trapped air bubbles. The degassed epoxy and hardener mixture was then infused using a vacuum pump and the inlet pipe was closed. Subsequently, the setup was left at ambient temperature for 24 hours and subsequently cured at 100 °C for 2.5 hours. Laminates were fabricated using the same procedure for both 0.45G-COOH CF and PCF fabrics.
[bookmark: _Ref125451829][bookmark: _Toc125457644][image: ]Fig. 1. Schematic representation of a procedure for the fabrication process of G-COOH/CF/epoxy laminates (a) dispersion process of G-COOH, Mg(NO3)2.6H2O in DI water with ultrasonication and probe sonication, (b) deposition process of G-COOH on CF through EPD and (c) VARTM manufacturing method of laminates
2.5 Testing and characterization
The pristine and G-COOH deposited carbon fibers were observed using a Hitachi S-3400 N scanning electron microscope (SEM). Elemental spectra were obtained through Energy-dispersive X-ray spectroscopy (EDS) line scanning, which was performed on a JEOL JSM-7600F field emission gun-scanning electron microscope (FEG-SEM). Prior to EDS scanning, the cross sections of the composites were polished using sand paper and a suspension of Cr2O3 particles (with a particle size of 100 nm) in ethanol.
FTIR (Bruker, Germany-3000 Hyperion Microscope) was utilized to analyze the functional groups of G-COOH platelets and CFs after EPD using KBr pellets. The spectra were obtained in the wavelength range of 500-3500 cm-1 with a resolution of 0.2 cm-1.
The graphitic structural disorders of PCF/G-COOH/0.45G-COOH CF was studied using a Raman spectrometer (HORIBA HR 800) equipped with 514.5 nm laser light. The tests were conducted at three different locations, with a spot size of 1 µm and a magnification of 20x, for a duration of 120 s.
The tensile test was conducted using an MTS hydraulic UTM machine with a capacity of 100 kN. The CFRP specimens used in the test had dimensions of 10 mm (width), 1 mm (thickness) and 50 mm (gauge length). An extensometer with a length of 25 mm was employed to measure the strain during the test. The test was performed at a crosshead speed of 1 mm/min and a minimum of three specimens were tested for each condition.
The three-point bend test was performed using an Instron E1000 universal testing machine with a 1 kN capacity. Specimens with dimensions of 10 mm (width), 1 mm (thickness) and 30 mm (span length) were prepared for the test. A crosshead speed of 1 mm/min was used during the test. Optical images were captured from recoded video of an optical microscope during tests.
3. Results
3.1 Characteristics of G-COOH and carbon fibers
Scanning electron microscope (SEM) has been used to observe the surface morphology of G-COOH platelets, pristine CF as well as CF modified by EPD (Fig. 2). A range of big clusters of few layered tiny particles are seen at lower magnification micrograph of G-COOH powder (Fig. 2a). A magnified micrograph in Fig. 2 (b) shows a few layers’ wrinkled G-COOH platelet which seems to be of a few nanometres thickness (indicated by yellow circles). A very neat and smooth surfaces of the pristine CF are seen in Fig. 2 (c). However, longitudinal grooves are clearly visible in higher magnified micrograph of pristine CF (Fig. 2d). A uniform particulate deposition of G-COOH platelets on pristine CF is shown in Fig. 2e. Moreover, the presence of G-COOH particles resting on CF and a few layers thick G-COOH (indicated by yellow circles) can be seen in magnified micrograph (Fig. 2f).
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[bookmark: _Ref125452025][bookmark: _Toc125457645]Fig. 2. SEM images of (a, b) G-COOH platelets (c, d) PCF (e, f) EPD deposited 0.45G-COOH CF
3.2 FTIR characteristics
The FTIR spectra of as received G-COOH, PCF and 0.45G-COOH CF are recorded using KBr pellets and the corresponding plots are displayed in Fig. 3. Characteristic absorption bands are observed around 1056 cm-1 (indicative of C-O-C stretching vibrations), 1724 cm-1 (C=O stretching vibrations), 2920 cm-1 (-CH stretching), 3433 cm-1 (-OH stretching vibrations) corresponding to epoxide functional groups, carbonyl, hydrocarbon, hydroxyl functional groups respectively [23,24]. Additionally, peaks at 1228 cm-1 and 1629 cm-1 were observed, indicating C-O bending vibrations and C=C stretching vibrations, respectively. The presence of a carboxylic functional group in G-COOH is confirmed through the presence of -OH and C=O peaks. After EPD deposition, the intensity of C-O-C, C-O, C=C and -OH peaks in 0.45G-COOH CF was found to be slightly higher.
[image: ]
[bookmark: _Ref125452064][bookmark: _Toc125457646]Fig. 3. FTIR Spectra of as received G-COOH, PCF and 0.45G-COOH CF

3.3 Raman spectra characterization
The Raman spectra of as received G-COOH, PCF and 0.45G-COOH CF are depicted in Fig. 4. The G peak represents the primary in-plane vibrational mode of the graphitic structure, the degree of disorder is indicated by the D peak and the 2D peak, which corresponds to a second-order overtone of a distinct in-plane vibration, is observed at wavelengths of 1585 cm-1, 1354 cm-1 and 2710 cm-1, respectively [25]. The ID/IG and I2D/IG ratios for G-COOH are found to be 0.22 and 0.41, respectively, indicating a low level of disorder and a few layers of graphene (Fig. 4a). Pristine CF exhibits a higher ID/IG ratio (1.008) and the absence of a 2D peak (Fig. 4b). The deposition of G-COOH via EPD results in a lower ID/IG ratio (0.983) in 0.45G-COOH CF compared to pristine CF, suggesting a less number of defects in G-COOH. Additionally, the I2D/IG ratio (0.845) in 0.45G-COOH indicates the deposition of a few layers of graphene on CF after EPD [26,27].
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[bookmark: _Ref125452144][bookmark: _Toc125457647]Fig. 4. Raman Spectra of images (a) G-COOH platelets (b) PCF and 0.45G-COOH CF laminates
3.5 Interfacial region characteristics
Fig. 5a and b display SEM micrographs of the transverse cross-section of the laminates, along with EDS linear scanning plots. Representative images were selected from multiple images taken at different locations on the same specimen. The carbon fiber region exhibits a higher intensity of the carbon element, while the epoxy region shows a comparatively lower intensity of the carbon element. The transition region between them demonstrates a gradual reduction in intensity, representing the thickness of the interphase. The average interphase thickness for PCF and 0.45G-COOH laminates is 1.91 ± 0.56 μm and 2.63 ± 0.87 μm, respectively. These values were obtained by averaging interphase thickness from eight different locations for each laminate (Fig. 5c).
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[bookmark: _Ref125457850]Fig. 5. SEM micrographs on the cross-section of composites perpendicular to the longitudinal direction of fibers, along with the EDS linear scanning of carbon element for (a) PCF (b) 0.45G-COOH CF; (c) average interphase thickness plot
3.6 Tensile properties of composites
Fig. 6 displays the tensile properties, including tensile strength, modulus, and strain at maximum tensile stress of PCF and 0.45G-COOH CF composites. The tests were conducted along the longitudinal direction of the carbon fibers. The average data from three specimens for each laminate are presented in Table 1. The tensile strength, modulus, and strain at maximum stress of the 0.45G-COOH CF composite have increased by 62%, 12% and 38% respectively, in comparison to the PCF composite. Fig. 7 illustrates SEM micrographs of the transverse and longitudinal failure of PCF and 0.45G-COOH CF composites, which were subjected to uniaxial tension. It can be seen from the tensile failed PCF composite that failure was non uniform and appeared to be like a broom stick in gauge section, whereas 0.45G-COOH CF composite specimen failed uniformly along transverse cross section. Carbon fibers at transverse failure surfaces of both the laminates in Fig. 7a and b appear to be similar. However, a ductile like irregular shape of deformed epoxy can be seen at pristine fracture surfaces (Fig. 7a) while 0.45G-COOH CF laminate’s fracture surface (Fig. 7b) shows a very smooth region of broken epoxy present nearer to fibers. Moreover, the longitudinal fracture surface of the PCF laminate (Fig. 7c) reveals fiber-epoxy debonds, matrix failure and a thin layer of intact epoxy on the carbon fibers. In contrast, the 0.45G-COOH CF laminate (Fig. 7d) exhibits a thicker layer of epoxy and G-COOH platelets (indicated by the red rectangle), along with the presence of G-COOH and epoxy on the fiber surfaces.
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[bookmark: _Ref125459130]Fig. 6. Tensile properties of PCF and 0.45G-COOH CF composite (a) tensile strength and modulus (b) strain at maximum tensile stress
[bookmark: _Ref125459038]


Table 1 Tensile properties of composite specimens
	Specimen
	Tensile strength (MPa)
	Tensile modulus (GPa)
	Strain at maximum tensile stress (%)

	PCF
	860 ± 58
	100 ± 4
	0.95 ± 0.07

	0.45G-COOH CF
	1397 ± 78
	112 ± 12
	1.31 ± 0.18



[image: ]
[bookmark: _Ref125459161]Fig. 7. SEM micrographs of transverse and longitudinal fracture surfaces tested under uniaxial tensile loads; (a, c) PCF (b, d) 0.45G-COOH CF
3.7 Flexural properties of G-COOH/CF/epoxy composites
Fig. 8 presents the flexural properties, including flexural strength, modulus, and strain at maximum flexural stress of PCF and 0.45G-COOH CF composite specimens. The average data from three specimens for each laminate are provided in Table 2. The 0.45G-COOH CF laminate exhibits an increase in flexural strength and modulus by 11% and 6% respectively, in comparison to the pristine laminate (Fig. 8a). However, there is no significant change in the failure strain between the pristine and 0.45G-COOH laminates (Fig. 8b).
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[bookmark: _Ref125460210]Fig. 8. Flexural properties of PCF and 0.45G-COOH CF composite specimens (a) flexural strength and modulus (b) flexural strain at flexural strength of the composite
[bookmark: _Ref125460225]Table 2 Flexural properties of composite specimens
	Specimen
	Flexural strength (MPa)
	Flexural modulus (GPa)
	Strain at maximum flexural stress (%)

	PCF
	892 ± 20
	53 ± 0.5
	1.84 ± 0.05

	0.45G-COOH CF
	993 ± 44
	56 ± 2.4
	1.86 ± 0.19



Fig. 9 depicts in-situ optical images of the flexural test along with the stress versus strain graph for PCF and 0.45G-COOH CF composite specimens. In the PCF composite, a continuous increase in flexural stress is observed from point 1 to 2 (Fig. 9a). The stress then increases up to point 3, eventually reaching the maximum value. Subsequently, initial failure in the top layer is observed slightly away from the centre (indicated by the yellow oval in Fig. 9a-4) and delamination between top two layers (indicated by the yellow arrow in Fig. 9a-4), resulting in a sudden drop in load until point 4. A new fracture initiation at the centre of loading ram and failure of the bottom region is observed with a continuous decrease in load (Fig. 9a-5 & 5’).
0.45G-COOH CF composite shows a continuous increment of flexural stress from the initial location to point 2 and no crack or ply failure has been observed within the laminate (Fig. 9b-2). Further, increase in stress till point 3 resulted in top layer failure away from the center (indicated by yellow oval in Fig. 9b-3) which led to the stress drop. Afterwards, the stress further increases till maximum stress and resulted into top layer failure under the loading ram (Fig. 9b-4). This further propagated towards bottom layer with a continuous stress drop, however, bottom region has failed at the last (Fig. 9b-5 & 5’).
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[bookmark: _Ref125460838][bookmark: _Ref135425220]Fig. 9. Flexural test in situ optical images along with stress v/s strain graph with appropriate locations for (a) PCF and (b) 0.45G-COOH CF composite specimens
Fig. 10 displays SEM micrographs of the failed transverse fracture surfaces of pristine and 0.45G-COOH CF laminates, which were subjected to flexural loads. Fracture surfaces of both the laminates exhibit three distinct regions: (a) compression under the loading ram, (b) transition region and (c) tensile region (Fig. 10A & B). On the fracture surface of both laminates, particles of epoxy can be observed in the compression region (Fig. 10 (A-a, B-a)). In the pristine laminate (Fig. 10 A-a), fiber failure is seen at an angle relative to the longitudinal direction of the fiber. In contrast, the fracture surface of the 0.45G-COOH laminate (Fig. 10 B-a) shows a large amount of epoxy debris and mostly the transverse plane showing cross-section of fibers. There is a transition region near the middle layer of both laminates (Fig. 10 (A-b, B-b)). In the pristine laminate (Fig. 10 A-b), the transition from the compressive to tensile region appears relatively smooth, as indicated by the presence of a small amount of epoxy debris in the compressive region and clean broken fiber surfaces in the tension region. In the tensile region of the pristine laminate (Fig. 10 A-c), a significant number of clean broken fibers are observed. However, such clean fibers are not visible in the 0.45G-COOH laminates (Fig. 10 B-c). Additionally, the pristine laminates exhibit many fiber pull-outs and regions of fiber-epoxy debonding (Fig. 10 A-c'), while fewer fiber pull-outs, debonding and more of intact fiber-epoxy regions are observed in the 0.45G-COOH laminates (Fig. 10 B-c').
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[bookmark: _Ref125554069]Fig. 10. SEM micrographs of transverse fracture surfaces of G-COOH/CF/epoxy composites tested under bending loads; (A- a, b, c, c’) PCF, (B- a, b, c, c’) 0.45G-COOH CF
4. Discussion 
The cathodic electrophoretic deposition process was optimized by varying the voltage, deposition time and weight concentration (g/L) of G-COOH platelets in DI water to deposit these platelets on CF fabric at a concentration of 0.45 wt.%. This deposition aimed to increase the interphase thickness between the CF and epoxy interfaces, which was successfully achieved and confirmed through the EDS line scan (Fig. 5). The improved interphase thickness of the 0.45G-COOH laminate is attributed to the addition of G-COOH platelets on CFs (Fig. 11a). FTIR analysis confirms the presence of functional groups such as hydroxyl (-OH), carbonyl (C=O), (C=C), (C-O) and epoxide (C-O-C) on the PCF due to the deposition of G-COOH platelets [25,28]. The functional groups such as epoxide and hydroxide, along with the deposition of Mg(OH)2 on CF and G-COOH platelets [29], might have led to an increase in the ID/IG ratio (indicating randomness) of the G-COOH platelets on the 0.45G-COOH CF compared to pristine G-COOH platelets.
Tensile tests were performed along the longitudinal direction of CF specimens, revealing two different failure mechanisms represented by schematic diagrams in Fig. 11 (b) and Fig. 11 (c) for PCF and 0.45G-COOH CF composite specimens, respectively. Failure in the PCF composite predominantly occurs at the interface, primarily due to the elevated stress concentration arising due to the distinct mechanical properties of the fiber and epoxy, as well as the absence of functional groups on the surface of the carbon fiber (CF). The electrophoretic deposition (EPD) of G-COOH platelets in a suspension solution of Mg(NO3)2·6H2O and DI water leads to the deposition of hydrophilic functional groups onto the surface of the carbon fiber (CF). The deposition of G-COOH platelets introduces surface roughness which facilitates mechanical interlocking, while the presence of hydrophilic functional groups promotes chemical bonding at the interphase. The combination of mechanical interlocking and chemical bonding in 0.45G-COOH CF composites leads to formation of a stronger and thicker interphase compared to PCF. This can be observed through EDS line scanning at the interface region of the 0.45G-COOH CF composite (Fig. 5(b)), as well as depicted schematically in Fig. 11(a).The presence of a strong and thick interphase around the PCF facilitates the gradual transfer of load between epoxy and CF, thereby contributing to the increase in tensile strength and tensile modulus of 0.45G-COOH CF composite. The higher tensile failure strain observed in 0.45G-COOH CF composites, compared to PCF composites, can be attributed to the obstruction of crack propagation at the interphase caused by G-COOH platelets. Furthermore, the average tensile strength range of 682-1380 MPa reported in studies conducted by various authors indicates that the tensile properties of PCF composites exhibit comparable characteristics [7,30–37].
[image: ]
[bookmark: _Ref125470206]Fig. 11. Schematic representation of PCF and 0.45G-COOH CF in the composite for the (a) interphase region, (b) tensile failure along the longitudinal direction of fiber, (c) tensile failure along the transverse direction of the fiber
Three-point in-situ flexural test of PCF composite shows failure in the tensed region with numerous fiber pull-outs due to a weak interphase between the fiber and epoxy, as evident in Fig. 10 (A-c). In contrast, 0.45G-COOH CF composite exhibits fewer fiber pull-outs, as depicted in Fig. 10 (B-c), potentially indicating an increase in interfacial bonding strength. It seems from the insitu optical images that failure initiation in pristine laminate is due to shearing leading to delamination which leads to bending stress intensification resulting in crack propagation. However, in the 0.45G-COOH CF laminate, delamination is avoided and instead failure happens at a higher stress due to breaking of the fibers under compression and subsequent propagation of the crack. This is consistent with the appearance of the fracture surfaces as well. The compressed region of the PCF composite exhibits larger debondings, a few crushing regions, accompanied by angular failure (Fig. 10 (A-a)) of fibers (Fig. 12). Significant crushing is apparent in the failure in the compressive region (top plies) of the 0.45G-COOH CF composite (as shown in Fig. 10 B-a). This strong interphase might prevent debonding and angular failure of the CF within the composite. Fig 12 is a schematic that illustrates this process. [image: ]
[bookmark: _Ref138267073]Fig. 12. Schematic representation of failure mechanisms observed in PCF and 0.45G-COOH CF composites under flexural loading; upper inset illustrates the initial microscopic view, while the bottom inset demonstrates the post-failure microscopic failure mechanisms
A few prior studies have shown a film type deposition of G-COOHs onto the carbon fiber while achieving greater content of G-COOH deposition. The tensile strength has been found to be elevated in film type deposition as compared to pristine laminate [38]. However, an optimum amount of G-COOH deposition is important while making the final laminate through VARTM since G-COOHs can also obstruct the flow of resin during the formation of the laminates resulting in voids. These voids significantly degrade the flexural strength of the laminates. Particle type G-COOH deposition offers much less resistance to the flow of epoxy during making of the laminate thus decreasing the possibility of formation of voids. The same has been shown in Fig. 13.
[image: ]
[bookmark: _Ref137732569]Fig. 13. Schematic representation of the resin flow during the fabrication of PCF, 0.45G-COOH CF composites, and previous work on 1.3G-COOH CF composites [38] through VARTM
5. Conclusions
The EPD process was used to deposit 0.45 wt.% of G-COOH platelets on carbon fiber fabric using optimized process parameters i.e. direct current voltage, deposition time and weight concentration of G-COOH. This was achieved at 15 V, 20 minutes and 0.1 g/L G-COOH weight concentration in a solution of Mg(NO3)2·6H2O (0.01 g/L) and DI water. The composite was fabricated using four layers of pristine as well as G-COOH deposited carbon fiber fabric via VARTM method. The main findings of the current study are summarized as follows:
1. The presence of functional groups on PCF increased after EPD, leading to increased disorder on 0.45G-COOH CF and chemical bonding. Furthermore, the interphase length of 0.45G-COOH CF increased due to the carbonaceous nature of G-COOH platelets. 
2. A significant improvement in tensile strength, tensile modulus and strain at maximum stress was observed in G-COOH deposited carbon fiber laminate. Moreover, interphase failure indicated by presence of a layer of G-COOH-epoxy, occurred in G-COOH deposited carbon fiber laminates, whereas pristine carbon fiber laminates failed at the interface between the carbon fiber and the matrix.
3. The flexural strength and flexural modulus showed an enhancement in G-COOH deposited carbon fiber composite compared to pristine carbon fiber composites.
4. Failure initiation in pristine composite occurred due to delamination in the compression region whereas G-COOH deposited composite incurred fiber crushing in the compression area.
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