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Abstract  
Multi-scale composite materials are the latest generation fibre reinforced composites (FRCs), in which 
nano-scale reinforcements are used in conventional FRCs to introduce multi-functional properties [1]. 
Epoxy resin based multi-scale composites have been researched and reported extensively [2-4] in 
recent times. However, phenolic resins are also widely used for various applications including 
development of carbon-carbon composites, which find uses in many high end sectors such as 
spacecraft re-entry frames, aircraft brakes, etc [5]. Nevertheless, studies on the carbon/phenolic multi-
scale composites can be rarely found in the literature. Therefore, the present study aims at the 
development of high performance carbon/phenolic multi-scale composites with improved mechanical, 
thermal and tribological properties. Multi-walled CNTs were dispersed in to phenolic resin using an 
optimized dispersion route and, carbon fabrics were subsequently impregnated with the CNT dispersed 
resin to develop carbon fibre/phenolic resin/CNT multi-scale composites. Mechanical, dynamic-
mechanical, thermal and tribological properties of multi-scale composites were characterized. It was 
observed from the dispersion studies that an optimized dispersion route that uses a combination of 
ultrasonication (6 hours) with mechanical stirring (7 hours) and 0.2% nonionic surfactant can 
homogeneously disperse CNTs within phenolic resin. According to the results of mechanical tests, 
incorporation of only 1.5 wt.% CNT resulted in 46% improvement in Young´s modulus, 9% increase in 
tensile strength and 150% improvement in breaking strain of neat carbon/phenolic composites (Figure 
1). As a result, a strong improvement was observed in the toughness of carbon phenolic composites 
through dispersion of CNTs. In addition to that, thermal conductivity improved by 167%. Incorporation of 
CNT also increased the storage modulus of carbon/phenolic composites as observed in the dynamic 
mechanical analysis. Weight loss of composites, when subjected to friction and wear tests, also 
decreased considerably through dispersion of CNTs. Therefore, these newly developed carbon/phenolic 
multi-scale composites can replace the conventional ones in many high performance applications due to 
their improved performance. 
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Figure 1. Improvement of elastic modulus (a), tensile strength (b) and strain at break (c) of 
carbon/phenolic composites through incorporation of only 1.5 wt.% multi-walled CNTs 


