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Abstract 

The influence of out-of-plane alignment of Graphene Oxide (GO) platelets used as matrix 

filler on the through-thickness electrical and thermal conductivity of unidirectional (UD) 

carbon fibre reinforced polymers (CFRP) composites has been investigated. By utilising an 

external AC field, the orientation of GO flakes was altered to take advantage of the higher 

electrical and thermal conductivity along the graphene basal planes. Commercially available 

GO was dispersed in quantities up to 5 wt% into the epoxy matrix prior to vacuum infusion 

into dry carbon fabric to form CFRP laminates. Both GO modified CFRP laminates containing 

randomly oriented GO and aligned GO modified CFRP (A-GO/CFRP) laminates were 

manufactured to assess the influence of the application of the electric field. Measurements of 

the electrical conductivity revealed markedly increased values for the A-GO/CFRP even with 

low filler contents. The thermal conductivity, albeit increased in A-GO/CFRP, only resulted in 

modest improvements. Mechanical tests of the interlaminar shear strength (ILSS) showed that 

the A-GO/CFRP laminates exhibited significantly improved behaviour and retained higher 

ILSS values (than the randomly aligned GO CFRP laminates) even at high filler contents. 
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1 Introduction 

The addition of nanofillers to fibre reinforced polymers (FRPs) as a means to improve 

their mechanical response, and lately to introduce functionality, mainly enhancing their 

electrical and thermal properties, has been a major research focus point over the last decade 1,2. 

By incorporating a secondary reinforcing phase, a multi-scale composite with improved 

properties can be realised. It is known that the type of filler, content, shape and size have a 

strong influence on the properties of nanocomposites. Fillers with high aspect ratios, e.g. 

platelets and rods/tubes, are known to be more efficient than traditional particle shaped filler 

systems 3,4. For the particular case of the through-thickness conduction in FRP composites, 

improving the electrical and thermal properties relies on facilitating the conduction through the 

polymer rich interlaminar regions 5–8.  

To do so, fillers are usually incorporated/dispersed into the polymer matrix aiming to 

assist the conduction process either by being dispersed in the bulk of the laminate 6,9–11 or by 

nanostructuring the interlaminar regions 5,12. The objective of all of these approaches is to 

interconnect the adjacent laminae through a percolating network of conducting fillers. 

However, parameters such as the state of agglomeration, the geometry and aspect ratio of the 

filler as well as the viscosity of the matrix, to name some, influence the particle network 

structure. High electrical and thermal conductivity can only be realized by reaching 

percolation, i.e. by forming a continuous network through the bulk of the system 13–15. 

However, high filler contents are required, leading to poor material processability and 

mechanical properties, higher cost and added complexity. Thus, new methods of controlling 

the spatial arrangement of filler needs to be employed to successfully incorporate and promote 

the use of nanofillers in advanced composite structures. The use of electric and magnetic fields 

to align or orient carbon nanotubes (CNTs) has shown great potential in enhancing the 

electrical and thermal conductivity in recent research 16,17. Due to the lower amount of filler 
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required to create a conducting network within a polymer these methods have shown great 

potential for commercial applications. However, magnetic fields are impractical in view of 

industrial exploitation because of the increased complexity and high fields needed, ≥5T 16,18,19. 

On the other hand, electric fields require simpler setups, both AC and DC fields have been used 

in literature and for different material systems to create a nanostructured network by either 

controlling the filler orientation 17,20–24 or to deposit the filler in specific locations 25,26. In 

addition, electric field alignment is scalable and has shown its potential for several applications 

such as electrostatic charge dissipation 27,28.  

Although the concept of aligning some types of nanofiller systems into composite 

laminates, as a means to improve the interlaminar fracture toughness, has been investigated in 

the past 21, new requirements for CFRP laminates in areas where high thermal loads and 

electrical current are part of the operational environment are becoming increasingly important.. 

It is known that CFRP laminates exhibit poor through-thickness properties (mechanical, 

electrical and thermal) limiting or even hindering their incorporation into structures for some 

applications. To address this weakness several methods have been introduced over recent years; 

from Z-pinning 29,30 and through-thickness stitching in woven fabrics 31, to the addition of nano 

sized inclusions into the polymer matrix 10,32, or by modifying the fibre surface 33,34. 

Applications such as lightning strike protection, heat exchangers and anti/de-icing, to name a 

few, require increased through-thickness electrical and thermal conductivity to mitigate 

potential damage to the composite structure 8,35. The key difference related to nanomodified 

CFRP with continuous carbon fibre reinforcement as opposed to polymer nanocomposites, is 

that for the former the polymer matrix needs to have a very low viscosity, thus not in 

percolating state, to allow the nano particle filled matrix to infiltrate the continuous fibre fabric 

to enable successful consolidation of the laminate.   



5 
 

This study investigates the use of an applied AC electric field during the curing of UD 

CFRP laminates containing GO dispersed within the epoxy matrix. This strategy was chosen 

as a means of orienting the GO flakes perpendicular to the fibre direction aiming to form a 

conducting network interconnecting the carbon fibres in the laminae. Of particular interest is 

to correlate the influence of the GO alignment to the required amount of GO needed to improve 

the electrical and thermal properties, as is critical for commercial/industrial applications. 

Furthermore, the interlaminar shear strength (ILSS) will be measured to assess the influence of 

GO nanofiller content on the mechanical properties of the laminate. Specifically, the objectives 

of this work are to: 

 Develop a manufacturing method for GO-modified CFRP laminates that is scalable and 

thus applicable to the composites industry, and which aligns the GO filler perpendicular 

to the carbon fibres. 

 Determine the influence of the GO alignment process on the electrical, thermal and 

mechanical properties and compare it with the behaviour of laminates containing 

randomly oriented GO.   

 Examine the effect of the alignment process on the GO filler content required to achieve 

improved electrical, thermal and mechanical performance.   

 

2 Experimental 

2.1 Materials 

A two-component epoxy system kindly supplied by Leuna Harze, Germany, was used as 

matrix material. The system consisted of EPILOX® ER 5300 epoxy resin and EPILOX® EC 

5310 curing agent with a viscosity of 275 mPa.s. The components were mixed by weight at a 

ratio of 100/20 according to the specifications of the manufacturer. The Graphene Oxide (GO) 
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(edge-oxidized) was kindly provided by Garmor Inc, USA, consisting of approximately 10 

graphene layers and a nominal particle size diameter of 500nm, 90% of the particle sizes below 

800 nm, with an Oxygen content in the range of 5-10%, according to the GO supplier. A 

unidirectional (UD) non-crimp carbon fabric, with Zoltek Panex 35 carbon fibres and an areal 

mass density of 882 g/m2, was used as reinforcement. The composition of the fabric consisted 

of 852 g/m2 Zoltek Panex 35 carbon fibres, 24 g/m2 of E-glass and 6 g/m2 of PES, and E-glass 

and PES (Polyester) were used for stitching purposes.  

2.2 Manufacturing of aligned GO modified CFRP laminates 

The manufacturing procedure of the aligned GO modified CFRP and randomly oriented 

GO modified CFRP laminates is presented in Fig.1. Unidirectional laminates were 

manufactured based on a previously developed method 6. The dispersion of GO into the epoxy 

was realised by means of high speed planetary mixing, Flacktek Speedmixer™ DAC 150.1 

FV, for 5 min at 3000 rpm at ambient temperature. This method has been proven to provide 

good dispersion of carbonaceous nanoinclusions in epoxy and has been used in previous work 

6,36. After the mixing, the curing agent was added and the mixture was hand stirred for 5 min 

followed by degassing at ambient temperature. Due to the high areal weight of the 

reinforcement, and to resemble conditions similar to industrial applications like e.g. wind 

turbine blade laminates, the Vacuum Assisted Resin Infusion Method (VARIM) process was 

used. The resin inlet channel was positioned along the fibre direction. The composition of the 

manufactured laminates is listed in Table 1. To assess the influence of the applied electric field 

on the orientation of GO flakes, and consequently the through-thickness electrical and thermal 

conductivities, two series of specimens were manufactured, series one consisted of laminates 

containing randomly oriented GO (GO/CFRP) and series two AC field oriented GO (A-

GO/CFRP), respectively. The carbon fibre volume fraction was the same for both laminate 

types and it was approximately 57 ±2%. After the infusion process, the laminates were cured 
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for 6 h at 70 oC following the suggested curing profile from the resin supplier. During the 

curing an external electric field was applied as described in Section 2.3. 

 

Fig.1: Schematic of the manufacturing route for the GO/CFRP and A-GO/CFRP 

laminates. 

Table 1: Composition of manufactured laminates 

Sample/ wt% of GO 

in the matrix 
VGO(matrix)% VGO(laminate)% Vf% 

Unfilled 0 0 57 

0.5 0.32 0.14 57 

1 0.63 0.27 57 

2 1.26 0.54 57 

3 1.89 0.81 57 

4 2.52 1.08 57 

5 3.15 1.35 57 

 

2.3 Aligning GO in CFRP laminates 

The theory describing the mechanism of the electric-field-induced alignment of nano-

sized filler material in a polymer medium is well documented for a wide variety of fillers 

17,20,21,37–41. Briefly, when a sinusoidal alternating field is applied to a conductive rod or platelet-

like inclusion located in a dielectric liquid, a dipole moment is created due to charge 

accumulation around its edges, Fig.2. This polarization is generated due to the difference in 
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electric conductivity between the dielectric liquid and the inclusion.  Due to their shape, platelet 

inclusions exhibit higher polarization parallel to the platelet surface than the direction normal 

to their plane. This allows platelets to be oriented with the lateral dimension parallel to the 

applied field. For the case of Graphene-based inclusions, this direction aligns with the axis of 

higher conductivity, as it is parallel to the graphene basal planes. In conjunction, the 

accumulation of opposing charges on the edges of the platelet favours the formation of chains-

like networks, as attractive forces between opposing charges interconnect adjacent platelets. 

The advantage of this mechanism/method is the formation of a percolating network without 

the necessity for the composite system to be already in the percolating phase. This can be 

beneficial for the processability of nano-particle filled polymer matrixes since percolating 

systems exhibit higher viscosity, thus hindering their use in infusion/moulding processes.   

 

Fig.2: Alignment process of a platelet type filler by the induced AC field 

To align the GO flakes into the bulk of a composite laminate a capacitor-like 

configuration was created based on the mould used for the infusion of each laminate.  One 

major concern when applying an electric field to an epoxy resin in liquid state is the higher 

conductivity that epoxies exhibit compared to when is in its solid state 42,43. Hence, current 

flow needs to be eliminated to avoid resistive heating phenomena. Thus, a PET tape was 
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applied to the mould surface to electrically separate/insulate the laminate from the mould. A 

second electrode was placed outside of the vacuum bag to avoid direct contact with the liquid 

matrix. A sinusoidal wave voltage signal was applied to the electrodes through a TTi TG1010A 

function generator connected to a TREK PZD 700A high voltage amplifier. The field 

parameters, 30 V/mm at 10 kHz, were chosen based on previous studies conducted for epoxy 

systems containing graphene nanoplatelets (GNPs) with similar Oxygen content 17, as well as 

other carbonaceous inclusions dispersed in polymer matrixes 21,44. The application time, 40 

min, was determined based on the epoxy viscosity development with temperature during the 

curing process (information provided by the resin supplier). 

2.4 Experimental methods 

To estimate the through-thickness electrical conductivity of the GO/CFRP and A-

GO/CFRP, DC resistance measurements were realised with a two-probe setup using a TTi BS-

407 precision milli/micro-ohmmeter. During the measurements the applied electrical current 

was 5 mA.  Circular disk shaped samples with a diameter of 50 mm and a thickness of 

approximately 4 mm were cut from the manufactured CFRP plates. Prior to being measured 

the sample surfaces were sanded to remove excess epoxy and expose the carbon fibres. Finally, 

a silver paste with a bulk conductivity of 103 S/cm, supplied by RS Components, UK was 

applied to mitigate surface roughness and assure ohmic contact between the sample and the 

electrodes. To promote reproducibility, 5 MPa of external pressure were applied to the 

electrical contacts through a hydraulic press. The conductivity of the composites is above 

0.01 S/m along all principle directions, and the characteristic time RC is below 1 ns. The power 

supply was switched on manually and the readings are taken 30 sec afterwards.  

The thermal conductivity was measured using a steady-state technique based on the 

guarded hot plate method. For both electrical and thermal conductivity measurements, at least 

2 samples were tested per filler content. A detailed description of the methods and testing 



10 
 

protocols used for the characterization of the electrical and thermal conductivity can be found 

elsewhere 6.  

Short beam shear tests, 3-point bending, were performed in accordance with the ASTM 

D2344 test standard to evaluate the interlaminar shear strength (ILSS) and the resistance to 

crack initiation of the manufactured samples 45,46. An Instron 5569 universal electro-

mechanical testing machine with a load capacity of 50 kN was used for the mechanical tests.   

The crosshead movement rate of the mechanical testing machine used was 1 mm/min, and the 

span to width ratio was set to 4:1, according to the ASTM standard. To account for 

discrepancies from the infusion process of the GO-modified epoxy into the carbon fabric, 

samples were cut both near the resin inlet and vacuum outlet sides, at least 5 samples per GO 

content were measured. The obtained results are quoted as the mean of the values obtained for 

the resin inlet and vacuum sides, all samples were cut from the same plate. Finally, the 

microstructure and morphology was examined by means of optical microscopy; an Olympus 

BX-51 optical microscope, and a scanning electron microscopy (SEM), Carl Zeiss EVO 50, 

were used. To assist the identification of the observed features during the optical microscopy, 

Raman spectra were obtained using a Renishaw RM100 confocal microprobe system operating 

at 6.25 mW power with 780 nm laser excitation. The magnification of the objective lens was 

x50, giving a beam spot diameter of approx. 5 μm. 

3 Results 

3.1 Morphology 

3.1.1 Optical microscopy 

In Fig.3 an optical micrograph of the interlaminar region of the sample containing 4 wt% 

A-GO/CFRP is presented. In addition to the carbon fibres, in the upper and bottom parts of the 

micrograph, smaller objects are observed dispersed within the interlaminar region. To verify 
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their identity Raman spectroscopy was utilised. By initially obtaining a spectrum from pure 

GO nanopowder a baseline was established. Considering that the spot size of the laser was 5 

μm, mapping of the area depicted in Fig.3 was realised. By focusing the laser beam to the spot 

(a), an area with 4 visible features, a spectrum was obtained. Two characteristic bands are 

observed at 1307 and 1578 cm-1, namely D and G, where D represents the extent of disorder, 

while G represents the in-phase vibrations of the sp2 carbon lattice and is associated with the 

first-order scattering of E2g phonons 47–49. By obtaining a spectrum from spot (b), which 

corresponds to an area with no visible features, a near amorphous behaviour was observed, 

with some indications of a crystalline structure to be present, possibly originating from GO 

flakes located deeper than the top surface.  

 

Fig. 3: Optical micrograph from the sample 4 wt% A-GO/CFRP and respective Raman 

spectra. Red circles denote the areas the spectra where obtained from. 
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3.1.2 SEM 

The morphology, as examined by means of electron microscopy, is presented in Fig. 4. 

On the left hand side, SEM images corresponding to A-GO/CFRP are depicted, while on the 

right hand side GO/CFRP are presented. For the samples that were exposed to the applied field 

(A-GO/CFRP) the GO flakes appear to be arranged in a chain-like configuration, unlike the 

GO/CFRP samples were the GO flakes are randomly dispersed/oriented. The observed 

alignment with the applied AC field has caused the formation of physical contacts/paths 

between adjacent GO flakes and appear to interconnect fibres as seen in Fig.4 a and Fig.4 c. In 

the two bottom images (Fig.4 e and Fig.4 f) fractured areas from ILSS tests are presented. GO 

particles are oriented perpendicular to the fibre direction, Fig 4 e, unlike in the random 

GO/CFRP, Fig. 4 f, where the GO platelets appears to be mainly oriented parallel to the fibre 

direction.      
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Fig.4: Scanning electron microscopy images for the samples containing 4 wt% GO a), c) 

and e) (aligned GO) and b), d), f) (randomly oriented GO), bottom images correspond to ILSS 

fractured topographies.  

3.2 Electrical conductivity 

Fig. 5 shows the dependency of the through-thickness electrical conductivity on the GO 

filler content for laminates containing randomly oriented GO and GO aligned perpendicular to 

the fibre direction. Noticeable improvements are observed for the laminates where the AC field 

is applied compared to the laminates containing randomly oriented GO. By comparing samples 

featuring the same GO filler content, the influence of the E-field alignment can be assessed. 

Although the effects of out-of-plane alignment seem to be pronounced from filler contents 

above 1 wt%, a 14% increase is observed even for the sample containing 0.5 wt% GO dispersed 
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into the epoxy. For higher filler contents, the response of the A-GO/CFRP shows improvements 

ranging from 52% for the 1 wt% sample, 34% for 2 wt%, 68% for 4 wt% and 67% for the 5 

wt% sample respectively. As seen the highest observed value, 5 wt% sample, of 0.16 S/cm 

shows a threefold increase over the neat CFRP laminate.     

 

Fig.5: Comparison of the through-thickness electrical conductivity for GO/CFRP and A-

GO/CFRP as a function of GO filler content.   

 

3.3 Thermal conductivity 

The through-thickness thermal conductivity of both GO/CFRP and A-GO/CFRP is 

presented as a function of the GO filler content in Fig.6. The addition of GO provides 

significant improvements in the thermal conductivity for both laminate types. Specifically, 

continuous increase is observed for low filler contents, 0.5 wt%, 1 wt%, 2 wt% and 3 wt%. 

Further increase of the filler content provides some marginal improvements with the measured 
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values appearing to stabilize, reaching a plateau at about 4 wt%, with the exception of the 

sample containing 5 wt% where a slight decrease is recorded. 

 

Fig. 6: Through-thickness thermal conductivity for A-GO/CFRP and GO/CFRP as a 

function of the filler content. The vertical axis is focus on the values between 0.55 and 

0.85 W/m/K, giving a magnified view on the region of interest. The experimental errors are 

within the range of ±5% that is typical for steady state thermal conductivity measurements. 

 

3.4 ILSS 

The interlaminar shear strength results measured for the A-GO/CFRP are presented and 

compared with CFRP laminates containing randomly oriented GO in Fig.7. As suggested by 

the results, the addition of low filler contents of GO, 0.5 wt% and 1 wt%, leads to a sharp 

increase in the ILSS for both laminate types. Although the obtained values for the 1 wt% are 

quite similar, the laminate containing aligned GO shows slightly lower values, but it is within 

the measurements uncertainty. For the lowest percentage of GO, 0.5wt%, a 20% increase is 
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observed for the A-GO/CFRP laminate compared to the conventionally GO infused laminate. 

A similar behaviour is exhibited for filler contents of 2 wt% and 4 wt%, with the laminates 

containing aligned GO seen to exhibit 56% and 30% improved ILSS, respectively. Further 

increase of the GO content, 5 wt%, decreases the ILSS of the AC aligned laminates while some 

minor improvements are seen for the laminates containing randomly oriented GO. 

 

Fig.7: Interlaminar shear strength as a function of GO filler content for the GO/CFRP 

(randomly oriented) and A-GO/CFRP (AC aligned). 

4 Discussion 

4.1 Sample Morphology 

As seen in the optical micrograph presented in Fig.3, several features are observed within 

the resin rich interlaminar region of CFRP laminate. Based on their size, i.e. sub-micron 

diameter, they can be categorised as GO flakes. From the embedded Raman spectra, it can be 

observed that the features located in the interlaminar region consist of GO. From the spectrum 
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obtained from the area with no visible features a near amorphous behaviour is observed, as 

expected for the epoxy matrix. However, an indication of the existence of GO was observed 

with the formation of weak D and G bands. This can be attributed to the existence of GO located 

further deeper under the surface that was excited from the laser ray, as the penetration depth of 

such lasers can be in the range of hundreds of nm 5. In addition, due to the development of 

electrostatic attractive forces between the opposing charges of adjacent polarised GO flakes a 

chain-like network is expected to be formed 17. Although some indications of this network type 

can be observed in Fig.3, they are not conclusive, firstly because optical micrographs provide 

information only about a specific plane and secondly the surface preparation route, surface 

polishing with abrasive sandpapers, have probably removed some of the GO that was located 

on that plane. SEM micrographs are presented in Fig.4 (left). There the formation of physical 

chain-like conducting paths between adjacent fibres is observed. The morphology of the 

observed features, chain-like network, is similar to previously reported networks consisting of 

GNPs dispersed in epoxy 17 and clay dispersed in polydimethylsiloxane (PDMS) 20 that were 

subjected to out-of-plane alignment with an external AC field.  In addition, a clear indication 

of a successful alignment process is evident as the GO flakes appear to be oriented 

perpendicular to the fibre plane, thus in parallel with the direction of the applied field. This is 

expected to have a significant influence on both the electrical and thermal conductivity for two 

distinctive reasons; the formation of such percolating type of network is essential in order to 

promote the conduction process within the insulating epoxy matrix. Furthermore, since GO 

flakes are oriented with their basal planes positioned in parallel with the direction of applied 

electric current and heat flow, both conduction processes will be facilitated by taking advantage 

of the higher electrical and thermal conductivity of GO in this direction  parallel to the basal 

planes. Samples containing randomly oriented GO, Fig.4 (right), show a different morphology. 

Albeit the flakes appear to be finely dispersed within the epoxy matrix, no percolating/physical 
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path can be detected. This also becomes apparent in Fig. 4 were ILSS fractured areas are 

observed.  

4.2 Electrical conductivity 

The efficiency of altering the orientation of GO flakes with the external field can be 

quantified by comparing the through-thickness electrical conductivity values between 

laminates with the same GO filer content. As depicted in Fig.5 laminates that were subjected 

to the AC-field alignment process show a sharper increase in conductivity over laminates 

containing randomly oriented GO. The effects are evident even from low filler contents, 1 wt% 

and 2 wt%, where an increase of 52% and 34% is seen, respectively, bringing the conductivity 

values close to 0.1 S/cm. Further increase of the GO filler content leads to an even higher rate 

of improvement for the A-GO/CFRP. This is directly linked with the ability to form a network 

among the dispersed GO flakes as the filler content gets higher. Albeit the alignment facilitates 

the current conduction along the higher conductivity axis of GO, the existence of physical 

conducting paths observed in higher filler contents, as demonstrated in Fig. 4, dominate the 

conduction process. At low filler contents, up to 2 wt%, the number of GO flakes/particles in 

not sufficient to initiate the formation of a network due to long distances between the particles 

allowing only a small amount of paths/segments to be created. However, as the filler content 

increases the interparticle distances are being reduced, and thus the assembly of an additional 

percolating network/path is facilitated. In addition, the formation of large aggregates is 

impeded due to repulsive forces between the GO flakes.  It has to be pointed out that in 

previously reported results with identical constituent materials 6, to achieve through-thickness 

electrical conductivity values in the range of 0.18 S/cm, double the amount of GO had to be 

dispersed into the epoxy, around 10 wt%, showing the efficiency of the AC field alignment 

method over randomly distributed conducting particles.           
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It is worth to note that the percolation exists even in the neat composite. In CFRP 

laminates the percolation threshold can be found around 45% fibre volume fraction. The 

laminates manufactured in this study had a fibre volume content of approximately 57% thus 

well above the threshold. Even epoxy reach inter-laminar regions contain several irregular fibre 

contacts points, although at significantly lower extend in comparison to those inside the 

laminates. Electric conductivity of the inter-laminar region has been estimated on the sample 

containing of 5 layers of carbon fabric and 4 inter-laminar regions. We assume that the majority 

of the GO particles stay within the inter-laminar regions and do not penetrate within the 

laminae. In this case the conductivity of a single lamina is approximately equal to the 

conductivity of the composite in the transverse direction, in our case σt=0.56 S/cm 6. Consider 

an ideal case where no fibre waviness takes place and clearly defined inter-laminar regions are 

formed with the thickness of approximately 40 microns. The inter-laminar resistance can be 

calculated assuming the resistors in series with results summarised in Table 2. The epoxy rich 

layer in the neat CFRP has a conductivity of around 0.002 S/cm, well above the epoxy resin 

conductivity. So there is a percolation between the laminae, but it can be enhanced further by 

the addition of GO flakes. As seen from the values listed in the table, the samples exposed to 

AC alignment exhibit double the inter-laminar conductivity compared to CFRP containing 

randomly oriented GO, for the same filler content. 

Table 2: Effects of GO flake and their alignment on the electric conductivity of epoxy-

rich inter-laminar regions, Rt is the total resistance of the sample, Rint is the resistance of a 

single interlaminar region and σ int the corresponding conductivity. 

Sample Rt(Ω) Rint(Ω) σint(S/cm) 

Neat 0.51 0.118 0.00173 

4wt% 0.370 0.0828 0.00246 

4wt%_AC 0.202 0.0408 0.00499 
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4.3 Thermal conductivity 

The through-thickness conductivity was measured using a steady-state technique based 

on the guarded hot plate method 6. The obtained results are reliable with the uncertainty to be 

found to be approx. 5%. This level of uncertainty is common for steady-state measurements in 

polymer and fibre reinforced polymer composites50, with lower uncertainties exhibited only by 

transient plane source methods51. Commonly used laser flash method often provide higher 

degree of uncertainty10.  As seen in Fig. 6 the out-of-plane alignment of the GO provides 

noticeable improvements in the through-thickness conduction. The effects are visible even 

from low filler contents, 0.5 wt% and 1 wt%, while reaching the maximum value at 3 wt% GO 

filler content. A similar trend is also observed for the laminates containing randomly oriented 

GO. The main mechanism describing the enhancement in the through-thickness direction is the 

faster heat diffusion through the polymer dominated interlaminar regions due to the higher 

thermal conductivity of GO 6. Albeit the addition of a thermally conductive filler will promote 

higher thermal conductivity values, the platelet-shaped GO fillers exhibit a certain degree of 

anisotropy, with considerably lower conductivity in the out-of-plane direction 4,52. In addition, 

it has been found that the processing/manufacturing procedure have an effect on the filler 

orientation; platelets have been found to be aligned parallel to the injection direction during the 

molding process of a polymer composite 52. Based on previous studies 17,20,52, the thermal 

behaviour exhibited by randomly oriented platelets dispersed within a polymer matrix, closely 

resembles the behaviour of platelets aligned in-plane (platelets aligned perpendicular to the 

heat flow), thus explaining the lower values observed in the absence of the electric field. For 

the case of A-GO/CFRP further addition of GO contributes to possible irregular chain 

formation. This has been reported to not efficiently improve the thermal conductivity, as the 

formation of aggregates reduces the ability to conduct heat effectively through the bulk of the 

surrounding polymer 53. Furthermore, one significant aspect affecting the thermal conductivity 
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of graphene-filled polymer composites is the influence from the interface contact resistance 

between the filler and the epoxy matrix as well as between the filler particles when in contact 

54. Albeit the alignment facilitate the phonon transport along the GO basal planes the fact that 

the GO flakes are arranged in a chain-like network increase the number of interfaces along the 

heat flow direction indicating the diminishing effects of interface resistance.  

4.4 ILSS 

From the ILSS tests, see Fig. 7, it is observed that the externally applied AC field greatly 

affects the influence of the GO filler on the matrix-fibre stress transfer properties. Initially, as 

expected and as reported previously 6, a dependency from the filler content is seen for both 

random GO and aligned GO CFRP samples. The sharp increase at low filler contents, 0.5 wt% 

and 1 wt%, is attributed to improved fracture resistance and toughness of the interlaminar 

regions leading to higher loading capabilities for the GO reinforced laminates. Both the 

morphology and shape (combination of planar geometry and wrinkled surface) and chemical 

composition of GO, i.e. the presence of oxygen groups that allow bonding with the epoxy 

matrix, have been highlighted as the predominant mechanisms for enhancing the mechanical 

properties of nanocomposites 22,55–57. Considering the polymer dominated interlaminar regions, 

the ILSS is greatly improved by the addition of GO as the matrix properties have a significant 

influence on the fibre/matrix stress transfer of the laminate 58. In general the addition of a high 

modulus filler into a low modulus matrix, like epoxy, allow to arrest or deflect the cracks 

initiated within the polymer medium 59. Since the ILSS is designed to target these polymer-

rich regions, improvements in the ILSS signify enhanced fracture toughness of the polymer 

matrix. Furthermore, it is known that laminate-level in-plane strengths are increased, and 

damage propagation is delayed due to the presence of tougher interlaminar regions 60,61.   

The different behaviour observed for the A-GO/CFRP at high filler contents, above 2 

wt%, is attributed to the reduction of the agglomeration due to electrostatic repulsive forces 
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between the GO flakes. As charge is accumulated on the edges of the GO flakes, adjacent flakes 

retract from forming aggregates and a chain-like network can be observed, see SEM images in 

Fig.4. Hence, the A-GO/CFRP laminates retain higher ILSS values at high filler contents 

compared to the laminates containing randomly oriented GO. This type of network is 

reminiscent of the z-pinning method that has been introduced as a means of enhancing the 

through-thickness mechanical properties of FRP laminates, but without the need of adding 

metallic pins within the laminate 29.  

It is worth to note that the proposed methodology is applied to unidirectional CFRPs. 

ILSS values for such composites is low but they are relatively cheap to produce and large parts, 

e.g. wind turbine blades, can be manufactures using vacuum infusion. An application of the 

AC electric field combined with the addition of GO is relatively straightforward for such large 

structures and it allows to improve ILSS significantly.  

5 Conclusions 

An AC electric field was utillised to align GO flakes in the epoxy matrix of unidirectional 

CFRP laminates to increase the through-thickness electrical and thermal conductivity as well 

as the ILSS. Chain-like paths were formed through the polymer-rich layers facilitating the 

electrical current and heat conduction. Compared to laminates containing randomly oriented 

GO filler, improvements are seen at lower filler contents for both electrical and thermal 

conductivity. The electrical conduction mechanism appears to be significantly affected by the 

alignment process of the GO flakes. The thermal conductivity of A-GO/CFRP, albeit improved, 

does not show the same rate of improvement as the electrical conductivity, likely due to the 

high thermal interfacial resistance between GO and polymer.  

It was also demonstrated that the use of an external AC field can be beneficial for the 

adoption of nano particle enhanced materials for industrial scale applications, as with a 
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relatively low field (30 V/mm)  significant improvements in the functional (electrical, thermal) 

and mechanical properties (ILSS) can be realised. Besides the improved properties of the 

composite system, the electric field alignment process is also advantageous from a 

manufacturing standpoint, as a much lower filler content is required to obtain similar 

improvements as obtainable for random oriented filler systems. By utilising less filler in the 

polymer matrix, a lower viscosity can be achieved which significantly enhances the 

processability during infusion and injection processes.   
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