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The reinforcement efficiency of graphene in a nanocomposite relies on the size, morphology, defects and 

agglomeration of flakes. However, the characterisation is usually undertaken only for the raw materials and 

any changes that take place during processing are not taken into consideration. In this work, epoxy 

nanocomposites reinforced by graphite nanoplatelet (GNP) were prepared and nano-scale X-ray computed 

tomography was used to visualize the geometry, morphology and defects of the flakes, as well as the three 

dimensional agglomerates that are normally difficult to characterise by other techniques. In combination 

with micromechanical analysis, the taxonomy of the nanoplatelets is shown to be of great importance in 

controlling the mechanical properties of nanocomposites, and this has been shown to explain the deviations of 

the predictions of micromechanical models from the measured values. Particularly, it is shown that taking 

single average values of flake size may not be appropriate and the entire distribution of flake size need to be 

taken into consideration. Furthermore, it is shown that the Young's modulus of a nanocomposite is controlled 

principally by a small number of large flakes and that volume average distributions of flake size are more 

appropriate to use rather than number average ones. 

1. INTRODUCTION 

Graphene in the form of both flakes and nanoplatelets has shown huge potential for application in composites 

[1]. Apart from providing mechanical reinforcement [2], its high electrical and thermal conductivity also 

endow multifunctionality [1,3]. Another advantage is that it enables the tailoring of the composite properties 

that conventional fibre composites cannot provide [4,5]. On the other hand, however, due to the existing 

defects, low bending stiffness and also the poor interlayer adhesion of the graphene flakes, their morphology 

can be easily affected or damaged during preparation and processing [[6], [7], [8]]. 

From our knowledge of conventional fibre composites, the fibre diameter [9], length [10] and orientation 

[11,12] all play significant roles in determining the mechanical properties of the composites. It has been 

demonstrated that this also applies to nanocomposites in that 2D fillers with larger lateral dimensions [13,14] 

and smaller thicknesses [15] tend to give better reinforcement, consistent with the micromechanical models, 

e.g. the rule of mixtures [16,17] and Halpin-Tsai model [18,19], that have been used to predict the mechanical 

properties of the nanocomposites. However, unlike microscale fibres, the characterisation of the physical 

properties of graphene as a reinforcement is quite limited. 

Routinely the geometry of graphene can be characterised by atomic force microscope (AFM) [18,20] and 

transmission electron microscope (TEM) [18,20], but the measurements can be either time-consuming or not 

adequately representative and ignore the inevitable distributions in particle size. Some attempts have been 

made to undertake statistical analyses [[21], [22], [23]], such as the reports from Hu et al. [24] and Paton et al. 

[21]. This is often undertaken upon exfoliated flakes on a flat substrate or TEM grid, and the flakes will 

inevitably change after composite processing. Additionally, other physical properties such as the wrinkling 

and fracture of the flakes and agglomeration of the graphene can be very difficult to visualize in 

nanocomposites [[25], [26], [27], [28]] which makes the analysis even harder to carry out. Some of these 

issues have been summarized by Fornes and Paul [4] in their review on clay-based polymer nanocomposites, 

however, a reliable and clear way of visualizing the nanoscale flakes and determining related physical 

properties is still of vital importance to explain any deviation of the measured mechanical properties of 

nanocomposites from the predictions by micromechanical models [18,22]. Recent work has demonstrated the 

use of X-ray computed tomography (CT) to observe GNP inside a rubber compound, but a more careful 

examination of the structure and morphology of the individual GNP flakes is still needed along with a detailed 

understanding of the taxonomy of the nanoplatelets [29,30]. 

In this work, the nanocomposite samples were prepared by adding different loadings of GNPs into an epoxy 

resin. Nanoscale X-ray CT was used to visualize the ‘real’ structure of individual GNP flakes in the 
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nanocomposites including geometry, morphology, orientation, defects as well as any agglomeration. The 

mechanical properties of the nanocomposites were measured and the influence of the ‘real’ GNP structure on 

determining the mechanical properties of the nanocomposites is discussed. This is then used to interpret the 

relationship between the micromechanical predictions and the measured Young's modulus of the 

nanocomposites. This work is able to shed light on the influence of these crucial issues on the mechanical 

properties of the nanocomposites that are difficult to investigate and quantify by other experimental 

techniques. 

 

2. LITERATURE REVIEW 

2.1. Bao Le Technische Universität Berlin,Xiangyu Teng Newcastle University ,''A Review on Nanocomposites. 

Part 1: Mechanical Properties'' 

 

Due to size effects in micromachining, as well as the anisotropic, heterogeneous structure and advanced 

mechanical characteristics of these materials, micromachining nanocomposites is often seen as a difficult 

operation. Greater cutting force, worse surface quality, and rapid tool wear cause poor machinability. This 

two-part review article's first half concentrates on the mechanical characteristics of different nanocomposites, 

while the second half discusses how easily these materials may be manufactured. 

 

Keywords: nanocomposites; micromachining; manufacturing; materials; mechanical properties 

 

2.2. M Vinyas1, S J Athul, D Harursampath1, Mar Loja,and T Nguyen Thoi''A comprehensivereview on 

analysisofnanocomposites: frommanufacturing to propertiescharacterization'' 

 

The study ofnanocomposites has expandedrapidlyacross a wide variety ofscientificfields as a 

resultoftheemergenceofseveraltheoreticalandexperimentalmethodologiesthathaveredefinedtheprocessofsynthes

is, analysis, and costcontrolprocessesofnanocomposites. In thisoverview, wewilltry to classifythe many 

approaches, procedures, ideas, and formulationsthat make up nanocomposite technology.Itispossibletodraw a 

generalizedqualitativeconclusionaboutthelimitationsthatmaybeimposed on nanocomposites' potentialusesdue 

to the variety ofproceduresthat go intotheircreation and analysis. These processeshaveaneffect on 

nanocomposites' physical and chemicalcharacteristics, behavior in 

biologicalcontexts,opticalcharacteristics,andmanufacturingcosts.Therefore,acomprehensiveevaluationoftheopti

malapproachwouldprovide no clearanswers. Thisproject'sgoalis to compile and connectresearchpapersfrom 

many areasofnanocomposites technology and application, thereforefacilitating a more 

thoroughunderstandingofthe many facetsofnanocomposites' manufacturing and analysisprocesses. 

2.3. Marino Quaresimin, Marco Salviato, Michele Zappalorto ,''Strategies for the assessment of nanocomposite 

mechanical properties'' 

 

Mechanical property evaluation of nanocomposites presents significant challenges. The hierarchical nature of 

these systems, which range from the nano to the macro, necessitates a departure from more conventional ways 

of thinking in order to take into consideration the unique phenomena present at each size and to extend their 

implications to the larger system as a whole. Some pressing concerns with nanocomposite modeling are 

addressed here. After that, we suggest a hierarchy of modeling approaches that takes into account the many 

levels of analysis that may be applied to a given situation. It is believed that this all-encompassing study is a 

vital resource for the creation of novel, efficient methods. 
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3. Experimental details 

3.1. Materials 

The GNP powder [31] was Grade M-25 supplied by XG Science (Michigan, USA). According to the supplier, 

its surface area is about 120–150 m2/g with an average thickness of 6–8 nm and a nominal diameter of around 

25 μm, with density about 2.2 g/cm3 [32]. The epoxy resin and hardener used were Araldite LY and Aradur 

5052 (Huntsman). 

3.2. Sample preparation 

The neat epoxy and nanocomposites with different GNP loadings of 0.1 wt%, 0.5 wt%, 1.0 wt% and 1.5 wt% 

were prepared as described previously [33], corresponding to a volume fraction of 0.06 vol% (∼0.1 wt%), 

0.3 vol% (∼0.5 wt%), 0.6 vol% (∼1.0 wt%) and 0.9 vol% (∼1.5 wt%), respectively. For the neat epoxy 

sample, the hardener was added into epoxy resin with a weight ratio of 38:100 in a beaker at room 

temperature followed by magnetic stirring for 3–5 min. The mixture then was degassed at 40 °C until the 

bubbles were completely removed. After this the mixture was poured into moulds and left at room 

temperature for 24 h followed by another 4 h post-curing at 100 °C. The nanocomposites were prepared in a 

similar way, but the GNP powder was mixed with acetone (0.5 mg/ml) before being sonicated for 2.5 h. The 

epoxy was then added into the suspension and sonicated for another 2.5 h, followed by stirring overnight 

(∼10 h). The mixture was weighed before and after stirring to ensure complete evaporation of the acetone, 

followed by degassing until the bubbles were fully removed. The hardener with the same weight ratio to the 

epoxy was then added before final degassing at 40 °C for around 20 min. 

3.3. Mechanical testing 

The mechanical properties of the nanocomposites were evaluated using tensile tests upon dumbbell specimens 

following ASTM D638 Type IV undertaken using an Instron 4301 mechanical testing machine. The 

temperature and relative humidity of the laboratory was conditioned at 23 °C and 50%, respectively. The 

specimen gauge length was 10 mm and an extensometer was used to measure the extension precisely. 

The tensile testing rate was 0.5 mm/min. Two specimens were tested for the neat epoxy and at least 5 

specimens were used for the nanocomposites with different GNP loadings. 

3.4. X-ray computed tomography 

The samples for X-ray CT were prepared by using a microtome (Leica Ultracut UC6 Ultramicrotome) and cut 

into a pyramid shape with the cross-sectional area at the top less than 0.1 mm × 0.1 mm. The data were 

collected by the Zeiss Xradia Ultra 810 instrument with a source energy 5.5 keV. The projections were 

acquired in the phase contrast mode and ‘large field of view’ mode. For each scan, 1201 projections were 

acquired over 180°, with a step size of 0.15°, and an exposure time of 20 s for each projection. 1 × binning 

was used for each scan, giving a pixel size of 32 nm. After the projections, the data were reconstructed using a 

filtered back-projection reconstruction through the Zeiss XMReconstructor software. Data were then 

visualized and quantified using the Avizo software package (version 9.2.0). A global threshold (different for 

all the four datasets due to the different intensity) was applied first to segment out the majority of the GNP 

flakes then the segmentation was adjusted manually to be more specific. 

After the threshold procedure, the following step is needed to remove ‘islands’. All the isolated ‘islands’ with 

sizes less than 150 pixels in 3D volume were removed as they were delaminated from large flakes. The 3D 

surface area and orientation of each flake in every sample was calculated. The ‘Label Measures’ function in 

Avizo was used to do the calculation for every flake. The 3D surface area measurement is a basic function of 

‘Label Measures’ but determining flake orientation is more complicated and needs to be debugged manually. 

 The orientation of each flake refers to the normal to the flake surface, the plane of which is defined by two 

orthogonal lines with one along the longest flake dimension. 

3.5. Raman spectroscopy 

Raman mapping was undertaken using a Renishaw InVia Raman system equipped with 488 nm laser. The 

laser spot size was about 2 μm and the step size for the mapping was 1.5 μm. Raman band shifts from the 
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GNPs in the nanocomposites under strain were determined as described elsewhere using 633 nm laser 

excitation [29]. 

 

4. Results 

4.1. X-ray computed tomography  

An X-ray CT image showing an overview of the composite microstructure with a massive number of GNPs in 

the nanocomposites is shown in Fig. 1(a). X-ray CT offers a distinct advantage over other techniques, such 

as AFM and TEM where the GNPs are either on a substrate or confined in a very thin section of sample. X-

ray CT enables the visualization of the ‘real’ morphology of GNPs in nanocomposite three-dimensionally. 

This allows us to understand how the morphology of GNP changes following the nanocomposites processing. 

Based on the measured surface area, an average length (diameter) of 2.2 ± 0.4 μm is calculated for the GNP 

flakes for both the 0.6 vol% and 0.9 vol% graphene loadings. The nominal size [32] and the size measured 

before nanocomposite processing [25] are also indicated in Fig. 1(b). Their lateral dimension enables the GNP 

flakes to be resolved even though their thickness 6–8 nm is actually below the pixel size of the X-ray CT. 

However, these flake diameters are only ∼1/3 of the original size as measured from the raw GNP powder 

(∼7.7 μm [25]), showing a clear reduction in lateral size during the nanocomposite processing which involves 

both stirring and sonication of the GNP flakes in the resin. The measurements on the raw powder undertaken 

using SEM, however, may not be able to resolve the smallest flakes. Moreover the majority of the diameters 

determined from both the CT scans on the nanocomposites and SEM upon the raw powder are well below 

the nominal diameter of 25 μm quoted by the manufacturer for M25 GNPs [32]. The orientation of the flakes 

can also be measured using X-ray CT based on the direction of the normal of the GNP flakes. It can be seen 

in Fig. 1(c) that the GNP flakes are oriented randomly over the entire angle range in both the 0.6 vol% and 

0.9 vol% nanocomposites. 
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Fig. 1. (a) An X-ray CT image of a global view of the GNP flakes in the 0.6 vol% nanocomposite. (b) Number 

average distribution of the particles lengths (diameters) of more than 1000 particles in the 0.6 vol% and 

0.9 vol% nanocomposites. The dashed blue and red lines indicate the lateral dimension at different stages of 

the nanocomposites processing. (c) the angles of the surface normal of the GNP flakes relative to the sample 

in the nanocomposites for 0.6 vol% and 0.9 vol% loading. (A colour version of this figure can be viewed 

online.) 

In addition to being able to determine the size and orientation of the GNPs as they exist in the 

nanocomposites, it is possible to also resolve the individual GNPs and determine their basic characteristics. 

Based upon this approach it has been possible to undertake the analysis of the taxonomy of individual GNPs 

and classify them into different groups with similar characteristics. 

The taxonomy is shown in Fig. 2 where the GNPs are classified into five broad groups. Fig. 2(a) shows an 

individual GNP around 20 μm in diameter with some damage around one edge but with a large 

uniform flat region over most of the flake. Fig. 2(b) shows two curved flakes viewed edge on. Fig. 2(c) shows 

a flake that is so highly curved that it has fractured partially. A multi-layer flake is shown in Fig. 2(d) that 

consists of a stack of a number of individual layers. Finally, a large agglomerate of flakes is shown 

in Fig. 2(e). It will be demonstrated how the taxonomy of these GNPs can have a major effect upon their 

ability to reinforce nanocomposites. 
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Fig. 2. X-ray CT images showing the taxonomy of individual GNP flakes in the 0.6 vol% ((a),(b) and (d)) and 

0.9 vol% ((c) and (e)) nanocomposite along with schematic illustrations. (a) A flat flake. (b) Two curved GNP 

flakes. (c) A curved GNP flake that fractured partially in the middle. (d) A multi-layer flake with a large 

number of layers. (e) An agglomerate of flakes. 

4.2. Raman spectroscopy 

Raman spectroscopy is another powerful technique for the characterisation of GNP nanocomposites. Fig. 3(a) 

shows the Raman spectra for the pure epoxy resin, the neat GNPs and the GNP/epoxy nanocomposite. 

The Raman bands for the GNPs can be clearly seen in the nanocomposite even though the loading is only 

0.9 vol%. This is because of the strong resonance of the graphite forms of carbon [34]. 

 
Fig. 3. (a) Raman spectra of GNPs, epoxy resin and the 0.6 vol% GNP nanocomposites. Optical image (left) 

and the Raman map of the same area (right) in (b) 0 vol % (neat epoxy resin), (c) 0.06 vol%, (d) 0.3 vol%, (e) 

0.6 vol% and (f) 0.9 vol% GNP nanocomposites.  

The distribution of flakes in nanocomposites is often non-ideal as shown in Fig. 3 which can be confirmed 

quantitatively by mapping the surface of nanocomposites using Raman spectroscopy [35]. This can be 

undertaken by mapping the intensity ratio of the graphene Raman 2D band relative to that of an epoxy band 

(2925 cm−1) as depicted in Fig. 3(a) [36] for the 0.06 vol%, 0.1 vol%, 0.3 vol%, 0.6 vol% and 0.9 vol%, GNP 

nanocomposites respectively (Fig. 3(b)-(f)). The red colour corresponds to the GNP-rich area and its 

proportion increases with the GNP loading, so that for the 0.9 vol% sample a high degree of agglomeration 

can be clearly seen. This suggests there is a good dispersion of GNP in the epoxy matrix at low GNP loading, 

but at higher loading, the GNPs tends to agglomerate [26,37]. The agglomeration is likely to occur between 

0.6 and 0.9 vol% as can be found in Fig. 3, where in the 0.6 vol% sample GNPs were distributed quite 

uniformly but agglomerated at 0.9 vol%. However, it needs to be noted that agglomeration could still occur 

even at low loading but with a lower chance. The possible effects that the agglomeration has on the 

mechanical properties of the nanocomposites are: (1) the reduction of the area of surface that can interact with 
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the matrix to provide stress transfer; (2) the cavities among the agglomerated structure can be too small for the 

resin to penetrate, especially one with high viscosity, and voids form accordingly [25]. 

4.3. Mechanical properties 

The mechanical properties of the nanocomposites were determined for the different loading of GNPs in the 

nanocomposites. Fig. 4(a) shows the representative stress-strain curves for the neat resin and the four different 

loadings of GNPs. The Young's modulus of the nanocomposite Ec determined from the initial slope of the 

stress-strain curves is shown in Fig. 4(b) and it can be seen that it increases with the GNP loading from 

∼2.1 GPa of the neat epoxy to ∼2.5 GPa of 0.3 vol% GNPs and then drops for higher loadings. In contrast, 

the ultimate tensile strength (UTS) and strain to failure decrease with the GNP loading, with the UTS 

decreasing from 70 MPa for the neat epoxy to 37 MPa for the sample with 0.9 vol% graphene loading, 

suggesting that the incorporation of GNP agglomerates embrittles the nanocomposite. 

 
Fig. 4. (a) Representative stress-strain curves and (b) Young's modulus (black), UTS (red) and strain to failure 

(blue) of the nanocomposites with different GNP loadings. (c) The shift of the 2D Raman band of the GNPs as 

a function of strain for the 0.3 vol% nanocomposite. (d) The position of the 2D Raman band of the GNPs as a 

function of strain for the 0.9 vol% nanocomposite.  

It is possible to follow stress transfer from the epoxy resin matrix to the GNPs in nanocomposites from stress-

induced Raman band shifts [29]. The 2D Raman band for GNPs is found to shift to a lower wavenumber 

under tensile deformation and the rate of shift (per unit strain) scales with the effective Young's modulus of 

the GNPs in the nanocomposite [29]. Fig. 4(c) shows the shift of the 2D band with strain for the 0.3 vol% 

nanocomposite giving a line with a slope of −4.5 cm−1/% strain. In contrast Fig. 4(d) shows that the band 

position for the nanocomposite with 0.9 vol% of GNPs does not appear to undergo any systematic change 

with strain and is scattered randomly. 

5. Discussion 

 Fig. 4(b) shows the dependence of the Young's modulus of the nanocomposites as a function of the volume 

fraction of the GNPs. The filler modulus, Ef can be determined from the initial slope of the line on a plot 

of Ec versus Vf and a value of 65 GPa is obtained for the GNPs up to 0.3 vol% loading. 
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It is also possible to determine the Young's modulus of the GNPs from the slope of the shift of the 2D Raman 

band with strain [29]. It is known that a pristine graphene monolayer with a Young's modulus of 1050 GPa 

undergoes a shift of −60 cm−1/% strain in tension [13]. Hence the shift rate of −4.5 cm−1/% strain measured 

in Fig. 4(c) for a GNP loading of 0.3 vol% corresponds to a GNP Young's modulus of 4.5 × 1050/60 = 79 GPa 

[38]. This is the same order as the value determined from the tensile testing and rule of mixtures. In general it 

is found that the Raman-derived values of Ef are usually slightly higher than those obtained from stress-strain 

data since the Raman spectra are often obtained from large aligned flakes [25]. 

It can be seen from Fig. 4(b) that above 0.3 vol% of GNPs the Young's modulus decreases with the further 

addition of GNPs. This is the result of agglomeration of the GNPs (Fig. 3) since the agglomerates no longer 

give effective reinforcement due to (1) the reduction of number of flakes that can reinforce and (2) voids and 

defects resulting from the agglomerates [25]. The consequences of this can also be seen in Fig. 4(d) where 

there is no well-defined Raman band shift upon deformation of the nanocomposite with a loading of 0.9 vol% 

GNPs. 

Gm is the shear modulus of the matrix, t is the nanoplatelet thickness and t/T is a geometric factor related to 

the volume fraction of the nanoplatelets and/or the strength of the nanoplatelets/matrix interface [25]. The 

parameter s is the nanoplatelet aspect ratio, its length (or diameter) divided by its thickness, l/t. If the 

microstructure of the nanocomposites is assumed to be nanoplatelets of thickness, t separated by matrix of 

thickness, T, then the volume fraction of graphene is given by Vf = t/(t + T) and so t/T = Vf/(1-Vf) ∼Vf (for low 

loadings). 

Most analyses of the mechanisms of reinforcement in composites assume that the reinforcing particles are all 

of the same size. It is clear, however, from Fig. 1 that there is a wide distribution of particle size and hence 

aspect ratio, s, in which case, therefore, average values have to be used. The determination of the average 

particle size, however, is not a trivial matter. It has similarities with considerations of the sizes of 

polydisperse polymer molecules where different average sizes are obtained depending upon whether they are 

averaged in terms of number or weight [16]. 

The distributions of particle size have been analysed for more than 600 GNP particles imaged in the CT scans 

in the epoxy composites. The distribution of the number of flakes in Fig. 1(b) shows that there is a large 

number of small flakes and that as the length increases the number of flakes decreases. The number average 

particle size is calculated to be about 2.2 μm. A very different picture is obtained when the volume 

distribution of the flakes is determined as shown in Fig. 5(a). Since the volume of the flakes increases 

as l2 (assuming they are of uniform thickness) then this distribution is dominated by a small number of large 

flakes, the largest of which is 50 μm in length (diameter) as calculated from its surface area. In this case, the 

volume average particle size is an order of magnitude higher than the number average at around 23 μm. 

 
Fig. 5. Analysis from the CT scans of more than 600 different GNPs in the 0.6 vol% epoxy nanocomposites. 

(a) Distribution of the volume of flakes of different length (assuming they all square shaped with a thickness 

of 7 nm). (b) Proportion of of the parameter Ai in ΣAi for flakes of different length. (A colour version of this 

figure can be viewed online.) 

The length factor ηl defined in Equation (3) is strongly dependent upon the length of the flakes through the 

aspect ratio, s. The variation of ηl with l is also plotted in Fig. 5(a) and it can be seen that it falls from around 

unity for the large flakes to almost zero for the very small ones. Hence it means that in terms of reinforcement, 

the larger flakes have a much greater contribution to the Young's modulus of the nanocomposite through 

Equation (2). Moreover, since the larger flakes also occupy a higher proportion of the volume, these larger 
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flakes will dominate the process of reinforcement. The above discussion suggests that large GNP flakes 

contribute more significantly to the reinforcement of nanocomposites, and a size reduction of at least 50%, 

may be expected during the nanocomposites processing. 

Finally, it is possible to model the effect of the volume fraction of GNPs upon the Young's modulus of the 

nanocomposites using the above equations as shown in Fig. 6. The two curves are for the values of Young's 

modulus determined from Equation (2) using either the number average or volume average values of flake 

lengths of 2.2 μm and 23 μm respectively to calculate ηl. The two red points are values of Ec calculated using 

Equation (4) using all the individual values of flake length. The flakes have been assumed to be oriented 

randomly (ηo = 8/15) and the value of Eeff has been taken as 350 GPa for multilayer graphene [8,15]. Overall it 

can be seen that the volume average curve gives good agreement with the experimental values up to around 

0.3 vol%, as opposed to the number average prediction. This is because the reinforcement (e.g. increase in 

Young's modulus) that GNP flakes can provide is characterised by Ai, the parameter reflecting their individual 

orientation, length factor and volume fraction as shown in Equation (4). Hence a large flake reinforces 

significantly better than a smaller one because it has both greater length factor as well as contributing a larger 

volume. This leads to another interesting prediction that, for a group of GNPs with given total volume and 

average lateral size (calculated using the commonly-used number average prediction), the wider their lateral 

size distribution, the better they should reinforce the composite, as a result of the greater contribution from the 

higher proportion of larger flakes. In Fig. 6, above the volume fraction of 0.3 vol% it appears that the 

agglomeration seen in Fig. 3 leads to a drop in Young's modulus. The apparent agreement with the theoretical 

curve for the number average at higher volume fractions is probably fortuitous. It is speculated that this may 

indicate the effect of agglomeration in reducing the effective size of GNP flakes [26]. 

 
Fig. 6. The Young's modulus calculated by different methods and from experimental tensile testing. The blue 

squares are the experimental data and the error bars are the standard error of the mean. The number (grey) and 

volume (black) average values were determined using Equation (2) and Equation (4) was used to calculate the 

values for the individual flakes (parameters used were Eeff = 350 GPa, ηo = 8/15 and t = 7 nm). 

 

6. Conclusions 

Nanocomposites have been prepared by mixing GNPs with epoxy resin using different GNP loadings. It has 

been demonstrated that the use of nanoscale X-ray CT enables the visualization of the ‘real’ structure, such as 

morphology, defects and agglomeration of the GNP in nanocomposites. Combined with micromechanical 

analysis, these particular issues have been demonstrated to play significant roles on determining the 

mechanical properties of the nanocomposites. It has been found that the flake size of the GNPs is reduced 

after nanocomposite preparation, and that the reinforcement is dominated by a few large flakes. The wrinkling 

of GNP flakes has been visualized three-dimensionally in the CT scans which is otherwise very difficult to 

identify. The agglomeration of GNP flakes has also been visualized and its occurrence increases with GNP 

loading. All of these issues can explain the deviation between the measured mechanical properties and the 

micromechanical predictions. This work has shed light on the impact of some crucial issues on the mechanical 

properties of the nanocomposites that are normally difficult to observe and characterise and have not been 
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investigated previously. Hence, it is suggested that a size reduction of at least a factor of two should be 

expected during the nanocomposites processing involving both stirring and sonication of the GNP flakes in 

the epoxy resin matrix. 
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