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Abstract: The effectiveness of carbonaceous nanoparticles in arresting and delaying damage in
nanocomposites has been attributed to multiscale toughening mechanisms. To explore their
application in joined interfaces of composites, this study investigates the use of carbon nanotube
(CNT) interleaved films for co-cured joining of composite parts and their consequent effects on
the interfacial fracture toughness. Carbon nanotubes dispersed in a thermoset resin into thin
films of two discrete thicknesses (200 u and 500 u) and three concentrations of CNT dispersion
were chosen for this study (0.5% wt., 1% wt., and 2% wt.). The films were semi-cured in the oven
before being incorporated as interleaves in the composite laminate interface. Fracture toughness
of the interface in mode | loading conditions was determined through double cantilever beam
(DCB). Micrographs of the fracture surfaces reveal a slip-and-stick based crack jump and arrest
phenomena in mode | when nanoparticles are added to the interleaved interface. The thickness
of the interleaves has a more significant effect on mode | toughening mechanisms than the
concentration of the nanoparticles.
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1. Introduction

Composite structures for aeronautical applications can be traditionally joined via adhesive co-
bonding, co-curing, and/or mechanical fastening, which induce interfacial defects and stress
concentrations under operational loads and increases structural weight. Co-cured joints, unlike
co-bonded joints have no discernible interface due to diffusion of the adhesive into the laminate
during cure [1,2]. However, controlling the flow of epoxy in the co-cure region as well as
mitigating misalignment of the sub-components during co-cure are challenging and lead to
irregularities. The incorporation of a partially cured epoxy film in the co-cured region ensures
uniform thickness and restrains the relative sliding of the sub-components during co-cure, thus
preventing misalignments. This technique also allows for an easier method to integrate the
adhesive epoxy layer in the composite lay-up process.

Interleaved composite laminates with a discrete layer of epoxy films between joining surfaces
have been studied as a strategy to improve damage tolerance during co-cured joining [3-5] and
limit the need for accompanying mechanical fasteners. Owing to the presence of an interleaf
film at the interface, larger damage zones arising from microcrack diffusion and crack path
tortuosity are observed leading to higher interfacial fracture toughness [6]. Research over the
past two decades has probed the effectiveness of dispersed and aligned carbonaceous
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nanoparticles (graphene platelets, carbon nanotubes, etc.) in enhancing the mechanical and
multifunctional properties of polymers [7,8]. Various studies of CNT reinforced polymers have
shown improved toughness over the neat matrix [9-11] inducing toughening mechanisms, such
as crack deflection [12], crack pinning [11], CNT pull-out [13,14], microscale and nanoscale crack
bridging [15]. However, these mechanisms require some degree of interaction between the
crack front and the CNTs. Recent studies postulate the benefits of adding nanoparticles in a
targeted fashion with controlled nanoparticle network morphology to trigger/activate
multiscale damage suppression events as opposed to the less effective technique of
homogenously dispersing the nanoparticles in a host polymer [12,16].

In this study, the authors explore the role of interleaf films containing CNT only in co-cured
interfaces to delay and diffuse damage propagation [17,18] by allowing the CNT to directly
interact with the crack front. This targeted reinforcement approach is preferred over the option
to disperse the CNT in the entire matrix phase of the composite. A related previous study
involving molecular simulations of CNT-dispersed matrix showed that elastic mechanical
properties of the nanocomposite can be improved by adding CNT up to 2% wt. Loading levels
beyond 2% wt. were shown to interfere with the epoxy crosslinking process and lead to
deterioration of mechanical properties [19]. Therefore, we investigate CNT loading levels up to
2% wt. in the epoxy used for interleaving and consider two different interleaf thicknesses and
their combined effects on damage propagation mechanisms.

Motivated by the effectiveness of nano-interleaves on toughening composite interfaces and
their potential for expanded applications in co-cured composite joints, this study investigates
the damage mechanisms in the interleaved interface from experiments performed under mode
| load with double cantilever beam (DCB) specimens. The main parameters studied are the
nanoparticle concentration and interleaf thickness. Following the mechanical tests, in order to
investigate the type of interfacial failure (adhesive/cohesive), microcracking in the interleaf, and
migration of the crack path, the fracture surfaces were examined with optical and confocal
microscopes.

2. Experimental Work
2.1 Materials

The prepreg used for this study was unidirectional carbon IM7 fiber with HexPly® 8552 epoxy
resin system of ply thickness 0.13 mm. Neat epoxy interleaves (containing no nanoparticles) in
the study were manufactured with the API-60 epoxy system — an aerospace grade resin —
purchased from Kaneka Aerospace Inc. with a compatible thermal cure cycle and properties with
the HexPly® 8552 proprietary resin system. Filmed interleaves containing multi-walled CNT were
procured from NanoSperse with the same host epoxy matrix at three nanoparticle
concentrations (0.5% wt., 1% wt., 2% wt.) and two interleaf thicknesses (200 u and 500 u).

2.2 Laminate manufacturing with interleaves

All laminate specimens in the study consist of a [0°12/interleaf/0°1,] lay-up and a unidirectional
fracture interface. Both the neat epoxy interleaf as well as the CNT interleaves are staged (semi-
cured) in the oven, subsequent to their complete cure kinetics characterization [3], to attain a
resulting degree of cure between 0.3 —0.35. An initial delamination is embedded in the laminate
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spanning 35 mm using a Teflon release film of 25 u thickness. During the laminate consolidation
process, the interleaf film was introduced at the edge where the Teflon delamination insert
ended. Figure 1 shows the staged interleaves and their consolidation into the laminate, which
was cured in the autoclave according to the recommended prepreg cure cycle. The cured plates
were trimmed and cut into samples of approximately 150 - 160 mm in length and 25 mm in
width with a diamond-tipped circular saw for the fracture toughness tests. It must be noted that
the total length of the actual specimen does not affect the test results as long as it is over 100
mm. The thickness of the specimens varied between 3.3 and 3.8 mm depending on the



