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[bookmark: _bookmark2]ABSTRACT

The conductivity of carbon-fiber reinforced polymers offers new application fields and has therefore became a focus of the research in recent years. A deeper understanding of the mechanisms of thermal and electrical conductivity and the interaction with of conductivity with fibers is necessary for further research and improvements.
An elaborative analysis of thermal and electrical conductivity and the mechanical properties of a graphite filled fiber reinforced composite has been performed. A formulation by two different sizes of graphite (with 3.4 µm and 18.6 µm) has been processed to a carbon fiber reinforced prepreg. The laminate quality has been analyzed by optical microscopy and ultrasound measurements. 
[bookmark: OLE_LINK37]The laminates produced from an unfilled matrix showed a conductivity of 0.35 W/mK, and the increase compared to neat resin (0.19 W/mK) can be attributed to the fibers. After adding 15 vol% of graphite into the matrix of the laminate, the thermal conductivity increased from 0.35 W/mK to 0.91 W/mK with small graphite particles and to 0.92 W/mK with bigger particles.
The neat resin showed an electrical conductivity of 6.6 * 10-14 S/m. The unfilled laminate already showed an electrical conductivity of 0.02 S/m, which was increased to 0.8 S/m with small and 1.4 S/m with big particles. 


Introduction
Especially in the aerospace industry, where lightweight is an important topic to reduce the life-cycle costs of airplanes, metals are increasingly replaced by carbon fiber reinforced polymers (CFRP). [1] Functionalization thereby offers new application fields and has therefore became a focus of the research about CFRP in recent years. [2]
The most common approach to achieve conductivity in the polymer is by the incorporation of filler. carbon-based fillers (graphite [4], carbon nanotubes [5], carbon black [6], graphene [7]), metallic fillers (Ag, Cu [8], Al [9], TiO2), ceramic fillers (BN [10], AlN [11], Si[12] , ZrB2 [13]) and vegetal fibers [14] can be distinguished. 
Electric conductivity is a very interesting topic, especially for the aircraft industry. [17] Mostly the research deals with lightning strike protection in aircrafts, at the same time, electromagnetic shielding and static discharge are of interest for this industry. [17] The theory behind electric conductivity is different from those of the thermal conductivity. While thermal conductivity increases almost linear with lower filler concentrations, a certain filler content in the composite will rapidly increase the electric conductivity, called percolation threshold. [6] In principle, the same types of fillers for thermal conductivity can be used to achieve electric conductivity, besides ceramic fillers, due to their insulating effect. As the mechanisms for electric and thermal conductivity differs, the effectiveness of the fillers also differs. 
 Only few researchers focused so far on the thermal conductivity of fiber reinforced laminates. Rolfes analyzed and simulated the thermal conductivity of CFRP with different fiber volume content.  By a self-developed measurement method, which they called GHP, for the thermal conductivity and a high fiber volume contents of 64.3 vol.%, they reached a conductivity of 0.708 W/mK. With the transient hot strip (THS) method, which was used simultaneously, much higher conductivities of 1.029 W/mK at a fiber volume content of 61.8 vol.% has been measured. Rolfes simulated the thermal conductivity with different fiber morphologies, i.e. PAN and pitch based carbon fibers, but no experimental data can be found in their work. [18] In an elaborative literature research, only Han and Chung were identified to have used filler in the epoxy matrix to enhance the thermal conductivity. They used carbon black, CNT chopped carbon fiber as a filler material. However, the used filler content of 0.8 vol.% is rather small. They used a guarded hot plate method to measure and analyze the thermal conductivity and could increase the thermal conductivity from 1.091 W/mK to 1.453 W/mK, which is about 33 %, by the incorporation of 0.4 vol% CNT and a fiber volume content of 65 %. [19] Remarkably, the measured conductivity of the unfilled laminate differs from the experimental data of Rolfes, although the fiber volume content is at a comparable level. 
Mostly literature focuses on either thermal, electrical or mechanical properties and or neglects at least one of these topics. The aim of this work is therefore to explain the influence of a graphitic filler on the thermal and electrical conductivity. 


PRODUCTION AND CHARACTERIZATION METHODS
[bookmark: _GoBack]Materials
The resin Tetraglycidylmethylenedianiline (TGMDA) was supplied as EpikoteTM RESIN 496 by Hexion Inc. TGMDA is a four-functional epoxy resin with epoxy equivalent of 115 g/eq. Huntsman provided a liquid hardener with the trade name XB3473, consisting of 60-100 % Diethyltoluenediamine (DETDA) and 7-13 % 1,2-diaminocyclohexan. The hydrogen equivalent weight of the hardener is 43 g/eq. Graphite (Imerys Graphite & Carbon Switzerland Ltd.) with trade name Graphit Timrex® KS6 and KS44 was used as conductive filler. The filler is characterized by a platelet-shape and an average particle size of 3.6 μm (D50) and 18.4 µm (D50) with a density of 2.255 g/cm³. The particle size distribution was again measured in our laboratory and can be found in Figure 2. A PAN based fiber 12K A-49 (DowAksa, Atlanta, USA) with a tensile strength of around 4900 MPa and a Young’s modulus of 250 GPa has been used for the prepreg production.
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Figure 1: Chemical structures of resin TGMDA and hardener DETDA


[bookmark: _Ref512325746]Figure 2: Particle size distribution of the used graphite types
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[bookmark: _Ref512596827]Figure 3: SEM of small (3.6 µm) and big (18.4 µm) graphitic particles

Prepreg Production
The unidirectional prepregs were produced via hot-melt processing at the laboratory scale prepreg impregnation machinery of the University of Bayreuth. 
First of all, the unidirectional rovings of 12K carbon fibers are pre-spreaded on the pre-spreading unit, as shown in Figure 4. Resin film was coated at 25 °C on a siliconized carrier paper in the coating unit of the prepreg machinery. Finally, resin film and pre-spreaded fibers were impregnated to the final prepreg with a heated calendar (25 °C). Produced prepregs were then hand-layed up to the final unidirectional prepreg laminates and cured with the same parameter as the neat and filled resin samples. 

Thermal and electrical conductivity measurements
Resin and hardener were heated up separately at 25 °C and stirred in a stoichiometric ratio of 2.67:1. The mixture has been degassed at 10-20 mbar. The mass ratio of graphite is related to the volume of the whole mixture, i.e. to achieve 100 cm3 of the sample with 15 vol.% Graphit content, 85 cm3 resin/hardener and 15 cm3 Graphit have been mixed. A three-roll mill (EXAKT 120EH-450) was used to homogeneously disperse the filler in the matrix with opening gaps of 63 and 21 μm. The samples were cured under pressure in a laboratory press at 120, 160 and 200 °C, at each temperature for 1 h with a rate of heating of 10 K/min. A postcuring at 220 °C for 2 h followed before cooling down at a rate of 5 K/min.
The thermal conductivity was measured by the laser flash method (LFA) with LFA447 (Netzsch GmbH, Selb, Germany). 
Electrical conductivity has been measured after ASTM D257. Thereby, the electrical resistivity was measured with Keithley 6517A for resistivity higher than 100 MΩ and for lower values Keithley 2100 (Keithley, USA). 

RESULTS AND DISCUSSIONS
Thermal and electrical conductivity of the neat and filled resin
The thermal conductivity values of the composites versus filler content are shown in Figure 5. At lower filler concentrations up to 10 vol%, the increase in thermal conductivity is almost linear. At higher filler concentrations, the thermal conductivity increases exponentially. This behavior has already been described by several researchers. [3,20,21] At higher filler concentrations, a remarkable difference in the thermal conductivity can be found between the composites with small and bigger particles. In the literature, contradicting influences of the particle size on the thermal conductivity have been reported. Boudenne et al. reported higher thermal conductivities for small copper particles of 12 µm in average in a Polypropylene matrix than for bigger particles of 200 µm. [22] Zhu et al. reported contradictory results with Boron-Nitride of 70 nm and 7 µm in an epoxy matrix. [23] In both studies, it seems that the morphology and shape of the filler has not been taken into account. In this study, the shape of the particles is very similar, as it can be observed in Figure 3. The aspect ratio has been calculated from 60 measurements of the particles observed in SEM and is at 36 for the smaller and 32 for the bigger particles. The higher thermal conductivity for composites with bigger particles can be explained by a thermo-mechanical point of view. Heat is conducted by phonons in polymer composites. It seems that fundamental for the thermal conductivity are the interfaces between conducting parts of the composite. As elaborated by Burger et al., the phonons are scattered at the interfaces, which lowers the thermal conductivity. [3] 
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	[bookmark: _Ref512593813]Figure 5: left Thermal conductivity in dependence of filler content, right Electrical conductivity, fitted with equations by Chodák-Krupa



The dependence of electrical conductivity of Graphite/Epoxy composites versus filler volume content is shown in Figure 5 right. A sudden increase could be found at the percolation threshold, where the electric conductivity is increased by several units. At the percolation threshold, an infinite conductive cluster is formed, which enables the electric conductivity of the composite. [22]  The values have been fitted by an equation of Chodak and Krupa, as described in their publication. [24] The percolation threshold can be found between 15 and 20 vol% for the small and between 20 and 25 vol% for the bigger graphite particles. The exact percolation threshold calculated by the equations provided by Chodak and Krupa are 16.2 for the composites with small and 20.9 vol% for the composites with bigger particles. As expected, the composites with the smaller particles exhibit a lower percolation threshold. This can be attributed to the higher probability to form a conductive chain, as already described by several researchers. [22,25–28] 
Prepreg laminate characterization
As shown by Rolfes, the fiber volume content has an influence on the thermal conductivity, though it remains weak when the conductivity of the fiber is low. [18] To verify the comparability of the samples, the fiber volume content has been measured and calculated by Thermogravimetry. The method is described and verified by Monkiewitsch. [29] As shown in Table 1,  the fiber volume content varies only slightly between the samples, so we can expect them to be comparable.


Table 1: Fiber volume content of the produced laminates
	[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Prepreg laminate
	Fiber volume content

	unfilled
	52 vol%

	[bookmark: OLE_LINK14]Graphite ø 18.4 - 10 vol%
	55 vol%

	Graphite ø 18.4 - 15 vol%
	53 vol%

	Graphite ø 18.4 - 20 vol%
	57 vol%

	Graphite ø  3.6 - 15 vol%
	56 vol%



Thermal and electrical conductivity of prepreg laminates
Figure 7 shows the thermal conductivities of the prepreg laminates measured by LFA. The unfilled resin owns a thermal conductivity of 0.2 W/mK, which is increased to 0.36 W/mK by the incorporation of carbon fibers. When the conductive resin with a thermal conductivity of 0.7 W/mK is used for the prepreg production, the conductivity in the laminate increases to 0.91 W/mK for the big particles.
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	[bookmark: _Ref512691283]Figure 7: left Dependence of thermal conductivity and big particles, right influence of big and small particles



Although the results from the graphite filled resins without carbon fibers indicate that bigger particles lead to higher conductivities in the composite, the effect could not be repeated with carbon fiber reinforced composites. Figure 7 shows a strong effect of the filler volume content of the laminates on the thermal conductivity, as the conductivity of the laminate significantly increases when the filler content is varied from 10 to 15 and 20 vol%. 
The thermal conductivity can be evaluated from a thermodynamical point of view. It is suggested to extend the model introduced by Han and Chung by a third component. It then hold that the thermal resistivity of the laminate  can be calculated by the addition of the thermal resistivity of the fibers  the resistivity of the resin  and the contact resistivity of the interfaces between resin and fiber :
	
	Equ. 1


[bookmark: OLE_LINK30][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK33][bookmark: OLE_LINK34]The calculations of the thermal conductivity of the laminate with graphitic filler follow with the equations by Han and Chung and the thermal conductivity of the filled resin given. The thermal conductivity of the interfaces is then assumed as the differences between resistivity of the laminate and those of the resin and fiber. The results are summarized in Table 2. In the unfilled laminate, so the laminate without graphitic filler, the thermal resistivity has the strongest influence on the resistivity of the laminate. This is represented by a resistivity of 2.25 , which is eight times higher than the thermal resistivity of the carbon fiber. The thermal resistivity of the resin decreases with higher load of the graphitic filler to 0.35  with 20 vol% of graphite. Hereby, the thermal resistivity is only slightly higher than those of the fiber. We can assume that higher filler contents will lead to a weaker increase, as the differences in thermal conductivity of fiber and matrix are then negligible. The resistivity of the interfaces  can be assumed independent from the filler load. This holds true as the interface resistivity values are close to each other, the average over all  is represented by 0.252 ± 0.0148 . The small standard deviation underlines the validity of the thermodynamical considerations.


[bookmark: _Ref512694328]Table 2: Results from thermodynamical calculations
	Prepreg laminate
	
	

	

	

	


	unfilled
	
	[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25]2.78 10-3
	2.25 10-3
	[bookmark: OLE_LINK26][bookmark: OLE_LINK27]0.275 10-3
	0.253 10-3

	Graphite ø 18.4 - 10 vol%
	
	1.82 10-3
	1.27 10-3
	0.275 10-3
	0.276 10-3

	Graphite ø 18.4 - 15 vol%
	
	1.11 10-3
	0.6 10-3
	0.275 10-3
	0.236 10-3

	 Graphite ø 18.4 - 20 vol%
	
	0.83 10-3
	0.35 10-3
	0.275 10-3
	0.244 10-3



The electric conductivity of the laminates is shown in Figure 8. The unfilled resin can be characterized by a strong electric resistance, while the laminate without graphitic filler already exhibits an electric conductivity above the percolation threshold, of 0.02 S/m. The incorporation of filler increases the electric conductivity by roughly two units, to up to 1.4 S/m for the laminate with 15 vol% of the graphitic filler. As the conductivities are already well above the percolation threshold, the electric resistance seems to be mainly influenced by the contact resistance of the composites. 
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[bookmark: _Ref512695829]Figure 8: Electric conductivity of prepreg laminates
Conclusion
The aim of the underlying research is to show the influence of a conductive matrix on the thermal and electrical conductivity of carbon-fiber reinforced prepregs. A special focus was laid on the influence of small and big particles. 
The following conclusions can be drawn from the analysis of the results:
· In an epoxy resin, bigger graphite particles of 18.4 µm lead to a higher increase in thermal conductivity as smaller particles of 3.6 µm, which could be explained by lower phonon scattering due to less interfaces. 
· The epoxy samples with lower particle size lead exhibit smaller percolation threshold due to smaller distances between the particles. After the percolation threshold, no significant differences could be found between composites with small and big particles. 
· In the carbon fiber reinforced composites, the thermal conductivity was enhanced by the factor 4 with 20 vol% of graphitic particles. The thermodynamic analysis showed a major influence of the resin matrix at lower filler contents, owing to a thermal resistivity which is five times higher than the resistivity of the carbon fibers. At higher filler load level, the thermal resistivity of resin (0.35  and fibers (0.275 ) are very close to each other. 
· The graphitic filler enhanced the electric conductivity in the CFRP by two units with no significant influence of the filler content variation between 10 and 20 vol% or the size of the filler. 
Further developments are needed to understand the influence of the fiber on the thermal conductivity. As stated above, no measurement method has been developed so far to measure the conductivity of carbon fibers. For a further increase in the thermal conductivity, conductive fibers might be used. Besides, a deeper understanding of the mechanical properties of CFRP is crucial for the application of the materials in the industry.
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