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Abstract: Nano engineered hybrid composites, incorporating nanomaterials such as carbon 

nanotubes, silica nanoparticles, and hydroxyapatite, have revolutionized structural materials by 

enhancing mechanical properties and interfacial adhesion. However, interfacial debonding 

remains a critical failure mechanism, leading to delamination, matrix cracking, and reduced load-

bearing capacity. This review paper synthesizes recent advancements in understanding and 

mitigating interfacial debonding in hybrid composites, focusing on carbon fiber-reinforced 

polymers (CFRPs), glass fiber/epoxy systems, and polymer nanocomposites. Key mechanisms 

include fiber pull-out, crack bridging, and energy dissipation through nanofiller-matrix 

interactions. Experimental and numerical studies, such as extended finite element method (XFEM) 

and cohesive zone modeling, reveal that functionalization and optimal nanofiller loading can 

improve interfacial shear strength by up to 25% and fracture toughness by 30-40%. Challenges 

like agglomeration and poor dispersion are addressed through techniques like ultrasonication and 

silane treatment. The paper discusses applications in aerospace, automotive, and marine sectors, 

emphasizing the need for multiscale modeling to predict failure under dynamic loads. 
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Introduction 

Hybrid composites, combining macro-scale fibers (e.g., carbon or glass) with nano-scale fillers 

(e.g., carbon nanotubes, graphene nanoplatelets, silica, or hydroxyapatite), offer superior strength-

to-weight ratios, making them ideal for high-performance applications. The interfacial region 

between reinforcements and the matrix is pivotal for load transfer, but it is also the weakest link, 

prone to debonding under mechanical, thermal, or environmental stresses. Interfacial debonding 

initiates microcracks that propagate, leading to catastrophic failure modes such as delamination 

and fiber pull-out. 

In nano-engineered systems, nanofillers enhance interfacial adhesion by bridging cracks, 

deflecting propagation paths, and promoting energy absorption. However, factors like nanofiller 
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agglomeration, incompatible surface chemistry, and loading rates influence debonding behavior. 

For instance, in CFRPs, debonding at the fiber-matrix interface reduces transverse strength, while 

in glass fiber/epoxy hybrids, nanofillers like silica improve wettability and reduce voids. 

This review explores failure mechanisms in nano-engineered hybrid composites, drawing from 

micro-mechanical investigations, computational models, and experimental fractography. It covers 

materials like epoxy-based systems with carbon nanotubes (CNTs) or silica nanoparticles, 

analyzing debonding under tensile, shear, and fatigue loads. The objective is to provide insights 

into optimizing interfacial properties for enhanced durability, with a focus on recent studies from 

2023-2026. 

Literature Review 

Research on interfacial debonding in hybrid composites has advanced through experimental, 

numerical, and hybrid approaches. Early studies highlighted the role of nanofillers in toughening 

interfaces, but recent work emphasizes dynamic failure and multiscale modeling. 

In carbon nanotube-modified systems, micro-bond tests reveal interfacial bonding properties 

between CNT yarns and polyphenylene sulfide, showing debonding influenced by surface 

roughness and chemical bonding. Debonding initiates when shear stress exceeds interfacial 

strength, leading to pull-out and energy dissipation.sciencedirect.com 

A micro-mechanical study on CFRPs using XFEM analyzed interfacial debonding, demonstrating 

that nano-fibers (0.5% volume) enhance stress-bearing and reduce crack propagation errors to <3% 

in simulations. Failure mechanisms include matrix cracking under transverse tension and fiber 

buckling, with debonding toughness quantified by energy release rates.pmc.ncbi.nlm.nih.gov 

Enhancing interfacial adhesion in glass fiber/epoxy composites with silica and hydroxyapatite 

nanofillers (up to 6 wt.%) increased tensile strength by 25% and interlaminar shear strength by 

21%, attributed to Si-O-Si networks and hydrogen bonding. Fractography showed shifts from 

brittle fiber pull-out to ductile crack deflection.mdpi.com 

Corrosion-induced interfacial failure in rubber-metal systems, analogous to polymer composites, 

involves degradation mechanisms like cathodic delamination, accelerated by environmental 

factors. Nano-engineering with protective coatings mitigates this.nature.com 
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Dynamic failure in advanced hybrid structures using nanocomposites improved joint strength by 

22% under tension, with nanofillers preventing debonding in convex joints.researchgate.net 

Phase-field models for dynamic fracture in fiber-reinforced composites capture matrix cracking 

and interfacial debonding interactions, simulating complex patterns under high-strain 

rates.sciencedirect.com 

Computational reviews of debonding in polymer nanocomposites highlight finite element and 

molecular dynamics techniques for predicting interface failure.link.springer.com 

Interlaminar shear in nano-filled composites showed kinking, debonding, and matrix failure, with 

hybrids improving performance by 15-20%.4spepublications.onlinelibrary.wiley.com 

Polyamide nanofiber veils in hybrids promote pseudo-ductile failure by containing 

delamination.pmc.ncbi.nlm.nih.gov 

Damage models for graphite nanoplatelet composites indicate debonding significantly affects 

stress-strain responses at high volume fractions.researchgate.net 

(: 450; approximately 1.25 ) 

Materials and Methods 

This section outlines a synthesized framework from reviewed studies for investigating interfacial 

debonding, adaptable for experimental or numerical work. 

Materials 

 Matrix: Epoxy resins (e.g., DGEBA/MY740 with hardeners like HY918). 

 Reinforcements: Carbon fibers (T-300, 9 µm diameter), glass fibers (ECR, 18 µm), at 60-

75 wt.%. 

 Nanofillers: Multi-walled CNTs (10-50 nm), silica nanoparticles (nS, 10-70 nm), 

hydroxyapatite (nHap), graphite nanoplatelets; loadings 0.5-6 wt.%. 

 Functionalization: Silane (APTES) for nS, plasma treatment for CNTs to improve 

dispersion. 

Sample Preparation 
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 Nanocomposites: Ultrasonication (20 kHz, 1500 W) for filler dispersion in epoxy, followed 

by vacuum degassing and mixing with hardener. 

 Hybrids: Pultrusion or vacuum-assisted resin transfer molding (VARTM) for fiber 

impregnation; curing at 120-180°C under pressure. 

 Specimens: Unidirectional laminates (0°, 90°, or 0/90 orientations), dimensions per ASTM 

standards (e.g., 250x25x2.5 mm for tensile). 

Testing Procedures 

 Mechanical: Tensile (ASTM D638/D3039), interlaminar shear (ASTM D2344), flexural 

(ASTM D790), impact (ASTM D256), three-point bending; using universal testing 

machines (e.g., WDW-100) at crosshead speeds 1-5 mm/min. 

 Dynamic: Drop-weight impact or high-strain rate tests with digital image correlation (DIC) 

for strain mapping. 

 Characterization: SEM/TEM for fractography and dispersion; FTIR for bonding analysis; 

XPS for surface chemistry; UV spectroscopy for reflectance. 

 Numerical: XFEM in Abaqus for crack simulation; RVE models (cubic cells 15 µm) with 

Hashin criteria; cohesive elements for interfaces; parameters: E_fiber=231 GPa, 

E_matrix=3.4 GPa, fracture energy 334 J/m². 

Data analysis: Stress-strain curves, failure loads, energy release rates (G_Ic/G_IIc), Paris law for 

fatigue; statistical errors <5-15%. 

Results and Discussion 

Interfacial Adhesion and Debonding Mechanisms 

Nanofillers significantly enhance interfacial strength. In GFRP hybrids, 4 wt.% nS + 2 wt.% nHap 

increased ILSS from 28 MPa to 34 MPa, with FTIR showing reduced O-H peaks indicating 

stronger bonds. Debonding is mitigated by nanofiller bridging, reducing voids and improving 

wettability.mdpi.com 
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In CFRPs, XFEM simulations predict debonding initiation at energy release rates 334 J/m², with 

nano-fibers expanding plastic zones and reducing propagation rates. Experimental tensile 

strengths: 1326-1569 MPa (0°), 13-15 MPa (90°); errors in predictions 2.5-13%. 

Failure Modes under Loading 

Under tensile loads, neat composites fail via fiber pull-out and smooth fractures, while hybrids 

exhibit rough surfaces, crack pinning, and matrix deformation. Flexural strength increases by 33% 

in hybrids due to tortuous crack paths. Shear failure involves kinking and delamination; nano-fills 

improve resistance by 15-20%, as seen in interlaminar tests.4spepublications. Dynamic loads show 

rate-dependent debonding; phase-field models capture interactions between matrix cracks and 

interfaces, predicting brittle to ductile transitions. 

Computational Insights 

Damage models for nanoplatelet composites show debonding reduces stiffness at high aspect 

ratios, with parametric studies revealing volume fraction effects on stress-strain curves. 

Computational techniques like MD and FEM predict interface failure 

accurately.researchgate.netlink.springer.com 

Table 1: Mechanical Improvements in Hybrid Composites 

Composite 

Type Nanofiller/Loading 

Property 

Improvement (%) 

Failure 

Mechanism Shift Reference 

GFRP/Epoxy nS + nHap, 6 wt.% Tensile +25, ILSS +21 

Pull-out to 

bridging  

CFRP Nano-fibers, 0.5% 

Strength prediction 

error <3 

Debonding to 

deflection  

Polymer GNP GNP, varying 

Stiffness reduction 

due to debond 

Brittle to pseudo-

ductile  

Challenges and Optimizations 
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Agglomeration leads to stress concentrations; functionalization (e.g., silane) reduces this, 

improving dispersion as per TEM. Corrosion accelerates debonding in harsh environments, 

necessitating protective nano-layers.mdpi.comnature.com 

Conclusion 

Interfacial debonding in nano-engineered hybrid composites is governed by nanofiller-matrix 

interactions, with mechanisms like pull-out, bridging, and cracking dictating failure. Advances in 

XFEM, phase-field modeling, and hybrid nanofiller systems have improved adhesion and 

mechanical properties by 20-40%, shifting failures from brittle to ductile modes. Optimal designs 

involve functionalization and controlled dispersion for applications in demanding sectors. Future 

work should integrate AI-driven multiscale simulations and real-time monitoring to predict and 

prevent debonding. 
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