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ABSTRACT 

Hierarchical carbon-nanotube (CNT) grafted fiber-reinforced polymer composites (FRP) display multifunctional capabilities 

such as enhanced mechanical and electrical properties that enable their use in structural applications. These properties are 

achieved by incorporating large mass fractions (> 1 %) of CNTs at the fiber-polymer interface using techniques such as 

chemical vapor deposition (CVD) and electrophoretic deposition (EPD). The interconnected CNT networks improve the load 

transfer between the fiber and the polymer surfaces, while the tube-tube contacts provide pathways for electron transport. Prior 

to deposition, the CNT surfaces are modified using an amine functionality, which upon protonation introduces a net-positive 

charge that drives their deposition onto fiber surfaces under the influence of an electric field. The amine functionality also 

allows covalent bonding between the CNTs and the polymer (epoxy) that is crucial to achieving the necessary structural 

enhancements. However, the presence of excessive amine groups can affect the cure properties at the interface. The current 

study aims to track the role of interface cure behavior and its subsequent effect on mechanical and viscoelastic properties of 

these composites as a function of amine type and concentration. The cure process is studied using differential scanning 

calorimetry, the viscoelastic properties using dynamic mechanical-thermal analysis, and the mechanical properties using tensile 

and shear measurements.  
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INTRODUCTION 

CNT-FRPs exhibit multifunctional capabilities such as increased load-transfer capabilities, electrical conductivities and thermal 

transport, which has increased their demand for use in commercial applications. Traditional methods of CNT incorporation 

rely on directly dispersing them into polymer matrices via ultrasonication, surface modified dispersions, 3-roll mill and 

high-speed shear mixing.1-3 Though these techniques succeed with uniformly dispersing small mass fractions of CNTs, <1 % 

by mass, they are unsuitable for dispersing larger mass fractions or in the presence of micro-fibers used in FRPs. This is 

attributed to the strong van der Waals interactions between the large-aspect ratio (length/diameter up to 1000) CNTs that when 

coupled with micro-fibers, lead to fiber screening and increased resin viscosities during FRP manufacture.4,5 

Viable alternatives to these methods involve directly grafting CNTs onto microfiber surfaces before resin infusion. One 

alternative is chemically vapor depositing CNTs onto microfiber surfaces and this is achieved by exposing the microfibers to 

carbon precursors at high temperatures (> 500 °C). Though this technique produces uniformly aligned CNTs, the elevated 

temperatures have been found to remove any organic sizing and often cause degradation of microfibers. EPD of CNTs is 

another alternative where functionalized CNTs are driven onto fiber surfaces in the presence of an electric field. The EPD 

process is found to preserve fiber sizing and can introduce up to 15 % by mass of CNTs at the fiber-polymer interface on 

commercially available microfibers (glass and carbon).6,7 Additionally, the chemical functionality on CNT surfaces (an amine 

functionality in this case) can be used to promote covalent bonding between the CNTs and the epoxy. The network of CNTs at 

the fiber-polymer interface enhances both the load-transfer capabilities and the electrical properties of traditional glass fiber 

composites.6,7 

 



BACKGROUND 

Prior studies on structure-interphase-property relationships of CNT-FRPs typically evaluated the effect of CNT addition in 

terms of overall mechanical and electrical property enhancements.8,9 In our previous work, a combination of dynamic 

mechanical thermal analysis (DMTA) and elastic neutron scattering experimentation were used to understand the influence of 

functionalized CNT networks on the viscoelastic properties and polymer dynamics of an epoxy matrix. The presence of 

hyperbranched-polyethyleneimine (h-PEI) modified CNTs were found to broaden the α-relaxation process of the polymer at 

the glass-fiber-CNT-polymer interphase. However, the role of hyperbranched amines in affecting these properties is still 

unclear. 

Hyperbranched polymers, such as PEI, used in the manufacture of CNT-FRPs, belong to the class of dendritic polymers that 

are explored as potential replacements to traditional amine curing agents. The use of PEI as crosslinking agents with epoxies 

has been found to toughen the matrix, while their high degree of branching makes them easier to use owing to their reduced 

viscosity as compared to their non-branched counterparts. The large concentration of reactive surface amine groups in PEI has 

also been found to improve the covalent bonding with epoxy matrices.10-14 

The influence of h-PEI on epoxy curing is determined using differential scanning calorimetry (DSC) measurements.14 Both 

isothermal and non-isothermal (dynamic) cure conditions are utilized to evaluate degree of cure. Due to their simplicity, 

dynamic cure ramps are often preferred. The degree of conversion of epoxy, x, and the reaction rate, dx/dt are given by 
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where Δht is the reaction heat evolved up to time t, Δhtotal is the total reaction heat involved, and dh/dt is the heat flow during 

the cure process. 

Typical epoxy-amine condensation reaction mechanisms follow the schemes proposed in Fig. 1. In the case of excess epoxy, 

the etherification reaction occurs; however, it is usually considered negligible owing to the large activation energies needed. 



 

Figure 1: The possible reaction mechanisms in an epoxy-amine cure process.15 

Results from previous cure kinetics studies on epoxy-PEI combinations indicate decreased cure kinetics (and a longer cure time 

schedule) in the presence of h-PEI (mass average relative molecular mass, Mw ≈ 2000 g/mol) as compared to aliphatic amines 

such as diethylenetriamine (DETA).14 This is attributed to the mobility restrictions of the amine groups in h-PEI as compared 

to a lower molecular weight aliphatic amine.11, 12, 14 A similar observation was made by Francos et al. in h-PEI (Mw ≈ 800 g/mol) 

systems.11  A direct comparison of cure differences between h-PEI and aromatic amines has not been made. 

As a first step to understanding the influence of h-PEI on the cure kinetics of a CNT-FRP, the cure kinetics of polymer-only 

systems are studied. Different resin-to-amine stoichiometries were chosen and cured using a DSC to determine the reaction 

rate and crosslink density. 

EXPERIMENTAL 

A commercially available resin-hardener formulation based on diglicidyl ether of bisphenol-F (DGEBF) and diethyltoluene 

diamine is used. The epoxide equivalent weight is estimated to range from 166 to 177, while the amine hydrogen equivalent 

weight (AHEW) is estimated to range between 43 and 46, as per manufacturer specifications. For cure studies using 

hyperbranched amines, a h-PEI with mass averaged molar mass, Mw ≈ 25,000 g/mol was used. Based on literature studies of 

similar h-PEIs, the expected amine ratio between primary:secondary:tertiary amine groups is approximately 1:1.2:0.76 and the 

AHEW is estimated to be ≈ 38.8.10 The chemical structures for the various components used in this study are shown below in 

Fig. 2. 



 

Figure 2: Chemical structures of a) DGEBF, b) Diethyltoluene diamine, and c) h-PEI. 

SUMMARY 

A DSC based isothermal and non-isothermal methodology was adopted to study the cure characteristics of a commercial 

DGEBF based resin system using an aromatic hardener and a hyperbranched polyethyleneimine. Based on the reaction 

conversion rate, viscoelastic measurements were conducted, and their outcomes are presented in the meeting.  
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