Probing the toughening mechanisms in silica
elastomer nanocomposites by fluorescence imaging
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Nanoparticles such as carbon black and silica are widely used to reinforce elas-
tomers in industrial applications, including tires and damping systems[1]. While
these fillers significantly enhance stiffness and toughness, the underlying rein-
forcement mechanisms remain poorly understood[2,3]. In this work, silica nanopar-
ticle reinforced poly(ethyl acrylate) elastomers are synthesized via UV-initiated
radical polymerization. The role of silica nanoparticles in governing mechanical
behavior is investigated by combining tensile testing with microscopic charac-
terization using fluorescence labeling and mechanophores. Increasing the silica
content from 0 to 30 wt% results in a substantial increase in toughness and leads
to a tenfold increase in fracture energy up to 13,576.9 &+ 2,517.8 J/m?, exceeding
that of natural rubber. Step-strain cyclic tests reveal a pronounced increase in
hysteresis across all strain levels, with a 40-fold enhancement already at 10%
strain, indicating substantial energy dissipation even at small deformations. To
probe the morphology near the crack tip, notched samples were stained with
fluorescein. Fluorescence imaging reveals the formation of a damage zone char-
acterized by cavities devoid of fluorescence signal in stretched, silica-reinforced
elastomers. This observation suggests that energy dissipation arises from cavity
nucleation and polymer chain scission within these cavitated regions. Comple-
mentary mechanophore analysis further reveals a more delocalized distribution
of bond scission compared to unfilled elastomers. These results provide direct
evidence that nanoparticle-induced stress redistribution promotes enhanced en-
ergy dissipation and toughness in elastomer nanocomposites. Notably, this work
presents the first direct observation of delocalized chain scission and quantifica-
tion of molecular damage in elastomer nanocomposites using mechanophores.
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