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Abstract
It is shown that the addition of approximately 2% by weight of graphene to the matrix of a unidirectionally-reinforced carbon fiber epoxy composite can lead to a significant enhancement in mechanical properties. In particular, it is found that the axial stiffness of the composites can be increased by the order of 10 GPa accompanied by an increase in axial strength of 200 MPa. X-ray computed tomographic imaging and polarized Raman spectroscopy have demonstrated that the graphene is predominately aligned parallel to the axes of the carbon fibers. Moreover stress-induced Raman band shifts showed that the self-aligned graphene is subjected to high levels of stress during axial deformation of the composite. The graphene is found to have an effective Young’s modulus in the composite of around 825 GPa, approaching its theoretical value of 1050 GPa. This behavior has been modelled using the rule of mixtures and shear-lag analysis and it is demonstrated that highly-aligned graphene in a constrained environment between high-modulus fibers can give significantly better mechanical reinforcement than graphene in conventional polymer-based nanocomposites. 
1.
Introduction
The modern structures in aerospace and automotive are becoming lighter and thinner, but still require high levels of aerodynamic and vibration stability, leading to the stiffness becoming a dominate design driver. Since graphene has high levels of stiffness and strength 1[]
, its use as a reinforcement in polymer composites shows huge potential of further enhancing the mechanical properties of composites. Additionally, graphene can provide good electrical and thermal conductivity, improved thermal stability and sensing capabilities 
 ADDIN EN.CITE 
[2]
 in polymer composites even at low loadings 
 ADDIN EN.CITE 
[2-4]
. Although there has been a rapid growth of interest in graphene-based polymer nanocomposites for structural applications 5[]
, the mechanics of reinforcement in such materials was only recently becoming understood 
 ADDIN EN.CITE 
[6, 7]
. This present study is concerned with the addition of graphene to enhance the mechanical properties of a unidirectionally-reinforced carbon fiber composite where it has been found that a significant increase in axial stiffness and strength can be obtained. 

2. Experimental 
2.1 Materials and Processing
The graphene used was the XT grade purchased from 2-DTech Graphene, Manchester, UK and used as received. The epoxy resin and hardener employed were NTPT ThinPregTM 513 system (NTPT). The cured epoxy resin has a density of 1.22 g/cm3, and was found to have a Young’s modulus of 4.1 GPa. The carbon fibers used in this work were PAN-based T700 fibers from Toray, Japan and quoted by the manufacturer as having a Young’s modulus of 230 GPa and a diameter of 7 (m.

2.2 Microstructural characterization
Optical microscopy was undertaken using a Nikon Eclipse LV100ND optical microscope. The cross section of composite specimens were prepared by grinding and polishing using grinding paper and polishing cloth. 

Scanning electron microscopy (Philips XL30 FEGSEM) was used to determine the position of the graphene in polished sections of the composites and the surfaces of the composites following fracture. In each case, the specimen surface was gold-coated before imaging. 

X-ray computed tomography (CT) was undertaken using a Zeiss Xradia 810 Ultra instrument, a lab based X-ray CT instrument using 5.4 kV energy x-rays that are focused using a Fresnel zone plate. 
The dispersion of the graphene in the composites was determine by Raman mapping using a Renishaw inVia Raman spectrometer with a laser of wavelength λ = 633 nm with a laser spot size of around 1-2 µm in diameter. For the Raman mapping a step size ~ 5 μm was used, and the polarisation of laser was set to be perpendicular to the fiber axis in order to highlight the signal of graphene. 

2.3 Mechanical testing
The mechanical testing was carried out using an Instron 5985 according to ISO527 Standard, with a 250 kN and 30 kN load cell for 0o and 90o unidirectional samples, respectively. Six samples for each of the 0o and 90o unidirectional were tested. Strain was measured using an extensometer, which was removed prior to specimen failure for the 0o samples to avoid damage.

Shifts of the Raman bands for the graphene in the composites under stress were followed using a Horiba LabRAM HR Evolution (λ = 488 nm). For the bending test, both unpolished and polished graphene–enhanced composite specimens were placed in a four-point bending rig, and deformed by step-by-step bending. The strain was determined using a strain gauge attached to the sample surface 8[]
. The polarisation of the laser was kept parallel to the strain direction, in both the 0o and 90o tests.

3.
Results and Discussion

3.1 Materials Characterization

Full characterisation of the different component materials used in the composites was undertaken as shown in Figure 1. Figure 1a shows a scanning electron microscope (SEM) image of the XT graphene powder that was found to have lateral dimensions of (5-10 µm. The position of the symmetric 2D band at ~2660 cm-1 in the Raman spectrum from the XT graphene powder (Figure 1b) shows that it is few-layer graphene ((5 layers) 
 ADDIN EN.CITE 
[9, 10]
. This is a typical example of exfoliated graphene with a relatively low defect density, as indicated by the low intensity of the Raman D band 11[]
. The Raman spectra of the neat epoxy and T700 carbon fiber are also shown in Figure 1b. The spectrum of the carbon fiber has broad D and G bands, in accordance with the turbostratic structure in PAN-based carbon fibers 12[]
. The Raman spectrum of the epoxy resin shows a number of peaks on a fluorescence background. The presence of the graphene in the enhanced carbon-fiber composite was confirmed by examination of the polished transverse section shown in Figure 1c.
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Figure 1. Characterization of the different component materials. a) SEM micrograph of the graphene flakes. b) Raman spectra of the epoxy resin, T700 carbon fiber and graphene flakes. c) SEM micrograph of a polished section of the graphene-enhanced composite showing a graphene flake (highlighted) confined between the carbon fibers.

The dispersion of the graphene in the enhanced epoxy composite was examined as shown in Figure 2. 
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Figure 2. Graphene-enhanced carbon-fiber composite. a) Raman spectrum showing the method of determining the Raman band intensities for the graphene and epoxy resin. b) Optical micrograph. c) Raman map of the variation of I2D/I1900 in (b) showing the distribution of graphene. d) Segmented 3D volume rendering of the reconstructed X-ray CT data showing the spatial arrangement of the carbon fibers and graphene. The graphene flakes are artificially coloured such that the blue ones represent flakes within ±20o parallel to the fibers (determined from the surface normal), while the red ones are outside this range. The inset is the pole figure generated accordingly, where the orange dot represents the average axial direction of fibers, and the blue and red dots denote the surface normal of the blue and red flakes in (d). The numbers indicate the angle between the surface normal of graphene and fibres. The blue and red shadows are the guide to eyes on the average orientation direction of the blue and red dots, respectively.
The dispersion was quantified by determining the ratio of the intensity of the graphene Raman 2D band (I2D) to the resin intensity at a wavenumber of 1900 cm-1 (I1900) (Figure 2a). Figure 2b & c show that the graphene is well dispersed within the fiber-reinforced composite. The dispersion of the graphene was also analysed by using X-ray CT scans. The spatial arrangement of both graphene and its relationship to the fibers is clearly shown (Figure 2d and the SI). The majority of the graphene flakes are aligned parallel to the fibers with a misorientation within ±20°, as shown as the blue dots in the pole figure (inset in Figure 2d). The close proximity and alignment of the flakes to the fibers suggests that the graphene flakes were aligned when the graphene/epoxy mixture passed through the tight gaps between the fibers (Figure 1c). It appears that this orientation was maintained during curing, leading to flat graphene flakes appearing to be attached to the fibers 13[]
. 
3.2 Mechanical Properties

The mechanical properties of both the unenhanced and graphene-enhanced composites were determined by tensile testing. The Young’s modulus and ultimate tensile strength (UTS) were determined by deforming two types of specimens, one with the carbon fibers in the axial direction (0() and the other with the fibers in the transverse direction (90(), using 6 specimens in each case. The results are shown in Table 1.
Table 1. Mechanical testing results for both the unenhanced and enhanced composites.
	
	Unenhanced
	Enhanced

	Fiber content (vol%)
	52.5 ± 2.4
	51.8 ± 0.6

	0o Young’s modulus (GPa)
	114.5 ± 1.4
	124.1 ± 5.1

	0o UTS (MPa)
	2418 ± 151
	2636 ± 114

	90o Young’s modulus (GPa)
	7.8 ± 0.3
	7.9 ± 0.1

	90o UTS (MPa)
	29.1 ± 1.9
	30.4 ± 2.3


The volume fraction of the carbon fibers in the composites was carefully determined using optical microscopy from polished transverse sections. It was found that the volume fractions of the carbon fibers measured in the both the unenhanced and enhanced composites are very similar ((52%, Table 1), in good agreement with the nominal fiber content. Hence any differences in mechanical properties in the enhanced composites must be due to the presence of the graphene. For the composites with the carbon fibers in the axial direction (0(), Table 1 shows that the addition of the graphene leads to a significant increase in the Young’s modulus of the order of 10 GPa and an increase in the UTS of around 200 MPa. In contrast, for the specimens with the fibers in the transverse direction (90(), there is only a very slight increase in both the Young’s modulus and UTS, both of which are unchanged within the experimental error.
The mechanisms leading to the increase in the Young’s modulus of the enhanced composite were investigated using Raman spectroscopy 
 ADDIN EN.CITE 
[14, 15]
. It is known that the Raman D 
 ADDIN EN.CITE 
[8, 16]
 G 17[]
 and 2D 
 ADDIN EN.CITE 
[14, 17, 18]
 band positions of graphene shift when the graphene is strained and the rate of shift per unit strain can be used to measure the stress in the graphene from knowledge of the Grüneisen parameter 17


[ ADDIN EN.CITE , 18]
. For the graphene studied in this work, it was found that the shift of the G band was the most convenient to follow because it is sharp and allows more accurate measurement than the other bands.
The deformation of the graphene in the enhanced composites was examined as outlined in Figure 3 for the 0o sample. The specimens were deformed through a four point bending rig where the strain ( was applied in the X direction with the incident laser along the Z axis (Figure 3a). The change in the graphene G band position from the value at 0% strain (((G) is shown as a function of ( in Figure 3b. As the fiber-reinforced composite was polished to expose the graphene, some of the graphene was loosened or damaged by the polishing process. Hence only those points where the (G shift data had a value of R2> 0.6 are displayed. It can be seen that these points show an average value of d(G/d( of –21.2 cm-1/%, which is only slightly less than that of monolayer graphene, ~ –27.0 cm-1/% 17[]
. As the (G shifts with strain, this indicates that the graphene in the hybrid composites becomes highly strained. Hence good reinforcement from the graphene can be expected. It was also possible to measure the distribution of strain along a well-aligned graphene flake as shown in Figure 3c. It can be seen that although there is scatter in the data the strain increases to approximately 0.05% along the flake on the application of a strain of 0.05%. The distribution of strain along the flake has been modelled using shear-lag theory in a similar manner to that undertaken by Gong et al. 14[]
 for an isolated graphene monolayer, according to which a maximum interfacial shear stress of the order of 0.6 MPa is derived at the end of the flake (Figure 3d).
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Figure 3. Deformation of the graphene in the enhanced composites. a) Deformation geometry showing the direction of applied strain, (. b) Change in Raman G-band position with strain. The points with same colour belong to one set of experiment. c) Distribution of strain along an embedded flake (inset) before and after deformation to 0.05% strain. d) The distribution of interfacial shear stress along the flake modelled using shear-lag theory 14[]
. e) The variation of Ef with Em predicted using Equation 4 for different values of t/T. The data point for the graphene-enhanced composite is shown as the hexagon.
The effective Young’s modulus of graphene in the enhanced composite (Ef) can be estimated from the value of d(G/d( determined in Figure 3b. By comparing the measured value with the reference value ((d(G/d()Ref ≈ –27 cm-1/%) 17[]
 obtained using the knowledge of Grüneisen parameter it is given as 
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where Egra is the Young’s modulus of monolayer graphene ≈1050 GPa 1[]
. As per Equation 1, the average value obtained of d(G/d( = –21.2 ( 7.4 cm-1/% corresponds to an Ef of 825 ( 288 GPa (Figure 3b). This shows that the reinforcement efficiency of the graphene in the hybrid composites approaches the theoretical value for monolayer graphene, indicating that the flakes remain intact during deformation and there is a strong interface between the graphene flakes and the composite matrix 3[]
. It should be pointed out, however, that the value of Ef is still slightly lower than Egra, possibly due to the finite length 18[]
 and inefficient interlayer stress transfer of the graphene 19[]
.
The very high Raman band shift rate and value of Ef for the graphene in the enhanced fiber reinforced composite should be contrasted with the behaviour of ‘neat’ graphene/epoxy nanocomposites only reinforced with graphene where shift rates of the order of d(2D/d( (–5 cm-1/% have been measured for the 2D band, giving a value of Ef in the order of only 70 GPa 7[]
. In the ‘neat’ graphene/epoxy nanocomposites, graphene is usually randomly oriented, crumpled and wrinkled in the matrix which compromises Ef 
 ADDIN EN.CITE 
[20, 21]
. The Raman band shift rate was also measured on the graphene at the surface of unpolished composites sample, which is close to the mould and hence resin rich. 

As the carbon fibers and epoxy resin matrix are subjected to uniform strain in 0o UD composites 22[]
, a simple rule of mixtures can be employed to estimate the elastic properties of the composites. The Young’s modulus of the unenhanced carbon-fiber/epoxy composite is then given by
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where Ecomp, ECF and Eepoxy are the Young’s modulus of composite, carbon fiber and epoxy, respectively. VCF and Vepoxy are the volume fraction of carbon fiber and epoxy, respectively. Although the nominal value of ECF for T700 is 230 GPa, a calculation based on Equation 2 using the value of Ecomp for the unenhanced samples in Table 1 yields a value of ECF≈ 215 GPa, with this slight reduction in comparison to the nominal value possibly being due to fiber waviness or misalignment. This value will be used in the following analysis.
For the graphene-enhanced composite, again assuming uniform strain, the rule of mixtures gives
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where Ef is the effective Young’s modulus of the graphene and Vf is its volume fraction. Assuming that the density of the graphene is similar to that of the epoxy resin matrix and with the value of Ef (825 GPa determined from Raman band shifts, a value of Ecomp(122.5 GPa is predicted. This is close to the experimentally-determined value of Ecomp, 124.1 ± 5.1 GPa. Since the graphene flakes are not perfectly aligned (Figure 2d) the value of Ef(825 GPa could be even higher with better alignment. An alternative interpretation could be that the experimentally-determined Young’s modulus value of 124.1 GPa for the enhanced composite implies an effective graphene modulus of around 1 TPa, its theoretical value 1[]
. Similar analysis to the above has also been carried out for the 90o samples.

The ability of graphene to reinforce a UD composite in the fiber direction is perhaps surprising as the axial Young’s modulus is commonly thought to be dominated by the high modulus fibers with the contribution of the low modulus matrix being insignificant (Equation 2). It is therefore important to consider the reinforcement of the matrix offered by the presence of the graphene. It was shown in a recent study using shear lag analysis 7[]
 that the filler modulus is given by 
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    (4)
The parameters Gm, Em and v are the shear modulus, Young’s modulus and the Poisson’s ratio of the polymer matrix. t is the thickness of graphene and T is the overall thickness of the matrix volume element. The aspect ratio of the graphene is s and (o is the Krenchel orientation factor 
 ADDIN EN.CITE 
[23, 24]
. 
It has been shown for bulk graphene nanocomposites that Equation 4 predicts that Ef increases as Em increases and for low modulus matrix materials Ef ( Em as is found experimentally 7[]
. What is most relevant to this present study is that the graphene is confined in the resin regions between the carbon fibers such that the graphene is flattened and aligned ((o(1). The variation of Ef with Em predicted using Equation 4 is shown in Figure 3e for different values of t/T using a local matrix modulus of the carbon fiber reinforced composite (Em(114 GPa) rather than that of the resin matrix ((4 GPa). It can be seen that the data point for the value of Ef determined from the Raman bands shifts lies in the range 10‑2>t/T>10-3. Assuming that the graphene is in the order of 1~2 nm thick, this means that T must be in the range 0.2-2.0 (m, the dimensions of the resin regions between the fibers (Figure 1c).

In addition to the increase in axial Young’s modulus for the graphene-enhanced composite, there is also an increase in axial strength (Table 1). It appears that this increase in strength is a simple reflection of the increase in stiffness - both increased by the order of 8%. It is also interesting that the addition of the graphene makes little difference to the transverse mechanical properties (Table 1). This is most likely a result of the high degree of anisotropy in the mechanical properties of the highly-aligned few-layer graphene. Its transverse stiffness will be similar to that of the carbon fibers and a 2% loading in the resin would be expected to give only a slight increase in the transverse (90() stiffness and strength, as is found. 
4. Conclusions

In conclusion, a graphene-enhanced unidirectionally-reinforced carbon fiber composite has been prepared and a ~10 GPa increase in the Young’s modulus of the fiber direction is obtained with only 2 wt% of graphene in the resin. The effective Young’s modulus of graphene has been estimated by Raman spectroscopy to be around 825 GPa, approaching its theoretical limit. It has been demonstrated the enhancement is due to three effects: (1) the alignment of graphene around the fiber by a ‘filtering’ effect 13[]
; (2) confinement of graphene between the fiber gaps and (3) the matrix being stiffened by the carbon fibers. It shows the considerable potential of using graphene to enhance the mechanical properties of conventional carbon fiber composites even in the high-stiffness fiber direction. 
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