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Abstract: Advanced composite laminates, such as carbon fiber-reinforced polymers (CFRPs) and
glass fiber-reinforced polymers (GFRPs), are critical in aerospace, automotive, and marine
applications due to their high strength-to-weight ratios. However, delamination and crack
propagation under mechanical loads remain major challenges, leading to reduced structural
integrity. Nano-interphase engineering, involving the incorporation of nanomaterials like carbon
nanotubes (CNTSs), graphene nanoplatelets (GNPSs), and silica nanoparticles at the fiber-matrix
interface, has emerged as a promising strategy for crack arrest. This review synthesizes recent
advancements, highlighting mechanisms such as crack deflection, bridging, pinning, and enhanced
interfacial adhesion that improve interlaminar fracture toughness (G_Ic and G_lIc) by 20-300%.
Experimental and numerical studies demonstrate that optimized nano-interphases can extend
fatigue life and suppress crack growth, with hybrid approaches showing synergistic effects.
Challenges include nanomaterial dispersion and scalability. The paper discusses toughening

mechanisms, quantitative enhancements, and future directions for damage-tolerant composites.
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Introduction

Composite laminates, comprising stacked plies of reinforcing fibers (e.g., carbon, glass, or aramid)
in a polymer matrix like epoxy, offer exceptional mechanical properties, making them
indispensable in high-performance structures. However, their anisotropic nature and weak
interlaminar regions render them susceptible to crack initiation and propagation, particularly under
impact, fatigue, or tensile loads. Delamination, a primary failure mode, arises from interlaminar

stresses, reducing compressive strength and leading to catastrophic failure.

Traditional toughening methods, such as z-pinning or stitching, often compromise in-plane
properties. Nano-interphase engineering addresses this by modifying the fiber-matrix interface at

the nanoscale. The interphase, a transitional region between fiber and matrix, governs load transfer
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and damage resistance. Incorporating nanomaterials enhances interfacial bonding, creates tortuous
crack paths, and dissipates energy through extrinsic mechanisms like pull-out and

bridging.real.mtak.hu

Key nanomaterials include CNTs, GNPs, graphitic carbon nitride (g-C3N4), and nanoclay. For
instance, g-C3N4-modified carbon fiber/epoxy laminates improve interfacial compatibility,
boosting flexural strength by 35%. Graphene oxide (GO) enhances mode | fracture toughness in
CFRPs by up to 67% via crack deflection. Functionally graded nanoclay-GFRP composites limit

crack growth through improved interfacial interactions.composites.utk.edu

This review explores nano-interphase engineering for crack arrest, covering mechanisms,
experimental/numerical approaches, and performance metrics. It aims to provide insights for

designing advanced laminates with superior damage tolerance.
Literature Review

Research on nano-interphase engineering has advanced significantly, focusing on nanomaterials

to enhance crack arrest in laminates.

CNT interleaves in co-cured CFRP joints increase fracture toughness by promoting deflection and
bridging, with experimental double cantilever beam (DCB) tests showing 50-100% G_lIc
improvements. Thermoplastic particle interleaves in interleaved laminates interact with cracks
under in-plane loading, studied via experiments and finite element modeling (FEM), revealing

crack arrest through particle-matrix debonding.mdpi.comsciencedirect.com

GNPs modify the interphase in CFRPs, enhancing contact behavior under flexural/shear loads. At
0.5 wt.%, GNPs improve interfacial shear strength (IFSS) by 25%, arresting cracks via zig-zag
paths and obstacles. GO-modified interlayers in CFRPs increase toughness by arresting

delamination, with GNP concentrations affecting propagation resistance.journals.sagepub.com

Nanoclay in functionally graded GFRPs improves mechanical performance under flexural/shear,
limiting crack growth via enhanced interfacial bonds and load transfer. Buffer strips in hybrid
laminates (graphite with glass/Kevlar) arrest cracks in center-cracked specimens, increasing

residual strength.sciencedirect.com
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g-C3N4 in-situ synthesized on carbon fibers creates a robust interphase, improving compatibility
and suppressing crack initiation in epoxy laminates. Polyamide nanofiber interlayers in cryogenic
vessels enhance permeability barriers and durability under cycling, arresting
microcracks.composites.utk.edudoi.org

Nanostitched/nanopreg carbon/epoxy composites show 3-fold fracture toughness increases, with
nano-additives arresting cracks effectively. Phase-field modeling of multi-phase composites with
stiff/compliant  particles  predicts enhanced toughness via crack  propagation

control.sciencedirect.comui.adsabs.harvard.edu

Hybrid CNT interleaves extend crack arrest to 55 mm vs. 40 mm in neat laminates, improving
energy release rates. Interphase-centric reviews emphasize nanoscale reinforcements for synthetic-

fiber composites, focusing on engineering for crack resistance.zenodo.orgmdpi.com

State-of-the-art reviews highlight extrinsic dissipation for toughness, engineering crack paths for
delamination resistance. Confined interphase construction in polymer nanocomposites connects
structure to performance. GO-PVP systems show crack jumping/arrest patterns, aiding nano-

engineered laminates.pmc.ncbi.nlm.nih.gov
Materials and Methods

This section outlines a synthesized methodology from reviewed studies for nano-interphase

engineering in laminates.
Materials
o Matrix: Epoxy resins (e.g., DGEBA with amine hardeners).
o Fibers: Unidirectional carbon (T300) or glass (E-glass) at 50-70 vol.%.

e Nanomaterials: CNTs (multi-walled, 10-50 nm), GNPs (5-20 nm thick), GO, g-C3N4,
nanoclay (montmorillonite), at 0.1-2 wt.%.

e Functionalization: Silane (e.g., APTES) or plasma treatment for interphase modification.

Sample Preparation
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Interphase Engineering: Electrophoretic deposition (EPD) or in-situ synthesis (e.g., g-
C3N4 on fibers via thermal treatment). Nanomaterials dispersed in epoxy via

ultrasonication (500 W, 30 min) or three-roll milling.

Laminates: Vacuum-assisted resin transfer molding (VARTM) or prepreg lay-up with 16-

24 plies; interleaves sprayed or co-cured. Curing: 120-180°C under 1-7 bar for 2-4 hours.

Specimens: DCB (150x20x3 mm) for mode I, ENF for mode Il; center-cracked tensile

(CCT) for in-plane crack arrest.

Testing Procedures

Fracture Toughness: DCB/ENF per ASTM D5528/D7905 at 1-5 mm/min; calculate
G_Ic/G_llc using modified beam theory.

Fatigue/Crack Growth: Cyclic loading (R=0.1, 5 Hz) per ASTM D6115; monitor da/dN vs.
AG.

Mechanical: Tensile (ASTM D3039), flexural (ASTM D790), interlaminar shear (ASTM
D2344).

Characterization: SEM/TEM for interphase morphology and fractography; AFM for
roughness; FTIR/XPS for bonding; DIC for strain.

Numerical: FEM (Abaqus) with cohesive zone modeling (CZM); phase-field for multi-
phase crack simulation; parameters: E_fiber=230 GPa, E_matrix=3 GPa,
G_interphase=200-500 J/m2.

Data analysis: Paris law for fatigue, statistical (Weibull) for variability; errors <5-10%.

Results and Discussion

Interphase Modifications and Crack Arrest Mechanisms

Nano-interphase engineering enhances crack arrest through improved adhesion and energy

dissipation. g-C3N4 creates a hierarchical interphase in CFRPs, increasing IFSS by 48% and

arresting cracks via deflection. GNPs form zig-zag paths, forcing cracks to navigate obstacles,

reducing propagation rates by 30-50%.composites.utk.edu
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CNT interleaves promote bridging/debonding, with DCB tests showing G_Ic up to 1.5 kJ/m?2 vs.
0.5 kJ/m? in neat laminates. Thermoplastic particles interact with cracks, arresting via matrix

plasticity, as modeled in FEM.mdpi.comsciencedirect.com

GO interlayers arrest delamination, with 1% GO-PVP showing jumping/arrest patterns for
enhanced resistance. Nanoclay in graded GFRPs limits growth, improving flexural strength by
20% via load transfer.researchgate.net

Buffer strips in hybrids arrest cracks, increasing residual strength by 40%. Nanostitched

composites achieve 3x toughness, arresting via nano-bridges.ntrs.nasa.govsciencedirect.com
Quantitative Enhancements

Phase-field models predict toughness increases in multi-phase systems via particle compliance.
Hybrid CNT interlayers extend arrest distance by 37.5%. Polyamide nanofibers improve cryogenic

durability, reducing microcrack density by 50%.ui.adsabs.harvard.edu

Table 1: Performance Improvements from Nano-Interphase Engineering

G_lc Improvement | Crack Arrest

Nanomaterial | System (%) Mechanism Reference
CNTs CFRP Co-cured | 50-100 Bridging, Deflection [1]

CFRP
GNPs Multiscale 25 (IFSS) Zig-zag Paths [12], [13]
GO CFRP Interlayer | 67 Delamination Arrest [9], [10]
g-C3N4 CFRP In-situ 35 (Flexural) Interfacial Bonding [8]
Nanoclay GFRP Graded 20 (Flexural) Load Transfer [4]
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G_Ic Improvement @ Crack Arrest
Nanomaterial | System (%) Mechanism Reference
Hybrid 40 (Residual
Buffer Strips Laminate Strength) Crack Suppression [5]
Nanostitch Carbon/Epoxy | 300 Nano-bridges [15]

Challenges and Optimizations

Dispersion issues cause agglomeration, reducing benefits; functionalization mitigates this.
Extrinsic  dissipation  engineering via interphase  design  enhances  toughness

synergistically.pubs.acs.org
Conclusion

Nano-interphase engineering revolutionizes crack arrest in advanced composite laminates by
leveraging nanomaterials to enhance interfacial properties and dissipate energy. CNTs, GNPs, and
other fillers achieve 20-300% toughness gains through deflection, bridging, and pinning. Optimal
designs involve functionalization and hybrid approaches for scalable implementation. Future
research should focus on multiscale modeling and environmental durability to advance

applications in high-stakes industries.
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