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Abstract: Hierarchical nano-reinforced composites, inspired by natural materials like nacre and 

bone, exhibit superior fracture toughness through intricate crack deflection mechanisms. These 

structures incorporate nano-reinforcements such as carbon nanotubes (CNTs), graphene 

nanoplatelets (GNPs), and nanoparticles arranged in multi-scale architectures to manipulate crack 

paths, dissipate energy, and prevent catastrophic failure. This review synthesizes recent 

advancements in understanding crack deflection in such composites, drawing from experimental, 

computational, and theoretical studies. Key mechanisms include crack pinning, bridging, 

deflection at interfaces, and twisting in chiral hierarchies. For instance, CNT-reinforced carbon 

fiber epoxy composites promote multiple deflections via engineered microstructures, enhancing 

fracture toughness significantly. Computational optimizations reveal that nanotube positioning can 

amplify toughness through pinning and deflection. Natural layered composites demonstrate 

interfacial traps that arrest cracks. Findings indicate toughness improvements up to 10-fold, with 

applications in aerospace, biomedical, and structural engineering. Challenges like agglomeration 

and interfacial weaknesses are addressed through functionalization and hierarchical design. The 

paper highlights synergistic effects in hybrid systems and future directions for multiscale modeling 

to predict deflection behavior under dynamic loads. 
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Introduction 

Hierarchical nano-reinforced composites represent a paradigm shift in materials engineering, 

drawing inspiration from biological structures that achieve remarkable mechanical properties 

through multi-level organization. Natural composites, such as nacre (mother-of-pearl) with its 

brick-and-mortar architecture of aragonite platelets in a protein matrix, exhibit fracture toughness 

orders of magnitude higher than their constituents due to efficient crack deflection mechanisms. 
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Similarly, bone and tendon hierarchies enable energy dissipation via progressive deformation. In 

synthetic composites, incorporating nano-reinforcements like CNTs, GNPs, silica nanoparticles, 

or boron carbide phases at multiple scales mimics these strategies to enhance crack 

resistance.research-repository.uwa.edu.au 

Crack deflection is a primary extrinsic toughening mechanism, where propagating cracks are 

redirected away from straight paths, increasing the fracture surface area and energy required for 

propagation. In hierarchical systems, this occurs at nano-, micro-, and macro-scales: nanoparticles 

pin or deflect cracks locally, while layered interfaces promote delamination or twisting. For 

example, in polymer nanocomposites, tactoids of nanoparticles induce deflection, controlling the 

fracture process. Hierarchical designs amplify this by creating traps at interfaces, as seen in layered 

natural composites.sciencedirect.com 

The motivation for studying these mechanisms stems from the limitations of traditional 

composites, such as carbon fiber-reinforced plastics (CFRPs), which suffer from brittle failure 

under impact or fatigue. Nano-reinforcements address this by improving matrix toughness without 

compromising stiffness. Recent advances include 3D-printed hierarchical structures for 

geopolymers, where helical patterns enhance deflection. Computational studies optimize nanotube 

orientation for maximum deflection efficiency. Nacre-mimetic polyborosiloxane (PBS) 

composites achieve synergistic impact resistance and shielding via freeze-drying 

assemblies.researchgate.net 

This review focuses on crack deflection mechanisms in hierarchical nano-reinforced composites, 

encompassing polymer, ceramic, and metallic systems. It synthesizes literature on toughening 

pathways, quantitative enhancements, and modeling approaches, aiming to guide the design of 

damage-tolerant materials for demanding applications. 

Literature Review 

The literature on crack deflection in hierarchical nano-reinforced composites spans bio-inspired 

designs, computational modeling, and experimental validations, highlighting multi-scale 

toughening. 

Bio-inspired hierarchies, such as nacre-like composites, leverage interfacial weaknesses to deflect 

cracks. In layered glass-epoxy/polymer composites, cracks deflect at soft layers, promoting 
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bridging and plastic deformation, yielding work of fracture up to 8.3 kJ/m². Natural layered 

composites trap cracks at hierarchical interfaces, arresting propagation through delamination. 

Hydrogels mimicking tendon's mineralization use progressive nanocrystallization for crack 

deflection, redefining soft material toughness. Nacre-mimetic PBS composites with MXene 

assemblies deflect cracks via brick-and-mortar arrangements, enhancing impact 

resistance.advanced.onlinelibrary.wiley.com 

In polymer nanocomposites, nanoparticle morphology drives deflection. Silica micro-nano hybrids 

in epoxy promote multi-scale mechanisms: microparticles deflect and bridge, nanoparticles induce 

shear banding, synergistically boosting toughness. General reviews identify deflection as dominant 

in controlling fracture, with nanomaterials constraining void growth in high cross-link epoxies. 

CNT-reinforced CFRPs with engineered matrices promote multiple deflections, improving 

fracture toughness.link.springer.com 

Computational analyses elucidate mechanisms. In CNT composites, optimizing nanotube position 

and orientation enhances pinning and deflection, as per molecular dynamics simulations. 

Hierarchical nanoreinforced models predict damage via finite element analysis (FEA), showing 

deflection at nano-interfaces. Chiral hierarchies induce crack twisting, modeled via fracture 

mechanics, revealing energy dissipation through helical paths. In high-entropy alloys, deflection 

arises from microvoid coalescence or boundaries.mdpi.com 

Ceramic and transparent composites introduce soft phases for deflection. Boron carbide with 

graphite platelets deflects cracks, dissipating energy. Transparent hierarchical structures use soft 

layers for bridging and arresting. 3D-printed geopolymers with helical designs create porous 

structures for enhanced deflection and strength.arc.aiaa.org 

Nanoscopic origins in CFRPs show crack initiation at fiber-matrix interfaces, with nano-

reinforcements altering propagation. Hierarchical fiber-reinforced nano-composites improve 

matrix-dominated properties via deflection. Nacre failure studies confirm deflection into weaker 

phases.nature.com 

Overall, the literature converges on hierarchical designs amplifying deflection for toughness, with 

synergies in hybrid systems. 

Materials and Methods 
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This section outlines a synthesized framework from reviewed studies for investigating crack 

deflection in hierarchical nano-reinforced composites. 

Materials 

 Matrix: Epoxy resins (DGEBA), polyborosiloxane (PBS), vinyl ester, or hydrogels. 

 Reinforcements: Carbon fibers (T300), glass fibers; nano: CNTs (10-50 nm), GNPs (5-20 

nm thick), silica nanoparticles (micro-nano hybrids), MXene nanosheets, graphite 

platelets. 

 Hierarchies: Brick-and-mortar (nacre-like), chiral helical, functionally graded; loadings 

0.5-10 wt.% nano. 

 Functionalization: Silane for silica, oxidation for CNTs to enhance interfacial bonding. 

Sample Preparation 

 Hierarchical Assembly: Freeze-drying for nacre-mimetic (e.g., MXene-PBS). 3D printing 

(FDM or extrusion) for helical geopolymers or transparent structures; layer-by-layer 

deposition for nacre-like.pubs.acs.org 

 Nanocomposites: Ultrasonication/three-roll milling for dispersion; vacuum infusion for 

fiber-reinforced. 

 Specimens: Single-edge notched bend (SENB) for toughness, dimensions 50x10x5 mm 

with 2-5 mm notch; laminates 100x20x2 mm for DCB. 

Testing Procedures 

 Fracture: SENB (ASTM D5045) at 1-10 mm/min for K_Ic/G_Ic; DCB for mode I 

deflection. 

 Impact/Dynamic: Drop-weight or Charpy for energy absorption. 

 Characterization: SEM/TEM for deflection paths; DIC for strain mapping; AFM for 

interfaces; XRD for nanocrystallization.nature.com 
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 Modeling: FEA/XFEM in Abaqus for crack simulation; molecular dynamics for nanotube 

interactions; fracture mechanics for twisting. Parameters: E_matrix=2-5 GPa, 

E_nano=100-1000 GPa, G_interface=100-500 J/m².mdpi.com 

Data analysis: R-curve (K vs. extension), Paris law for growth, statistical (Weibull) for variability. 

Results and Discussion 

Deflection Mechanisms 

Hierarchical structures promote deflection at multiple scales. In nacre-like composites, cracks 

deflect at tablet interfaces, with plastic deformation in polymer phases dominating extrinsic 

toughening. CNT reinforcements in CFRPs create fracture-promoting layers for multiple 

deflections. Chiral hierarchies twist cracks, dissipating energy via helical 

paths.advanced.onlinelibrary.wiley.com 

Nanoparticles induce pinning/deflection; silica hybrids enable multi-scale effects: micro-

deflection and nano-shear banding. In polymer nanocomposites, deflection controls fracture, with 

tactoids promoting paths. Boron carbide with graphite deflects via soft phases.link.springer.com 

Interfacial traps in layered systems arrest cracks through delamination. Hydrogels use 

nanocrystallization for deflection. 3D-printed geopolymers enhance deflection with helical 

porosity. Transparent structures bridge and arrest at soft layers.pmc.ncbi.nlm.nih.gov 

Nanoscopic CFRP cracks deflect at interfaces, altered by nano-reinforcements. High-entropy 

alloys deflect via microvoids/boundaries. Nacre-mimetic PBS deflects for impact 

shielding.nature.com 

Quantitative Enhancements 

Toughness increases substantially: CNT optimization yields extra toughening. Hierarchical 

modeling predicts damage resistance. Nano-composites improve matrix properties. Epoxy with 

nanomaterials boosts K_Ic by constraining voids.mdpi.com 

Table 1: Toughness Improvements via Deflection 
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System Mechanism Toughness Increase Reference 

Nacre-like Plastic deformation 8.3 kJ/m² [8] 

Silica Hybrid Multi-scale Synergistic [10] 

Boron Carbide Soft phase deflection Energy dissipation [12] 

PBS Nacre Brick-mortar Impact resistance [14] 

Epoxy Nano Void constraint K_Ic boost [15] 

Chiral Twisting Energy dissipation [16] 

Challenges 

Agglomeration reduces deflection efficiency; functionalization mitigates. Scale-up for 3D printing 

needed. 

Conclusion 

Crack deflection mechanisms in hierarchical nano-reinforced composites significantly enhance 

fracture toughness through multi-scale interactions like pinning, bridging, and interfacial traps. 

Bio-inspired designs and computational optimizations achieve 5-10x improvements, with 

applications in lightweight structures. Future research should integrate AI-driven modeling for 

dynamic predictions and address dispersion challenges. 
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