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Abstract: Aerospace composites, such as carbon fiber-reinforced polymers (CFRPs) and glass
fiber-reinforced polymers (GFRPs), are subjected to extreme thermo-mechanical loads, leading to
fracture initiation and propagation that compromise structural integrity. Nano-enhancements,
including carbon nanotubes (CNTSs), graphene nanoplatelets (GNPs), nanosilica, and nano-TiOx,
have been integrated to improve fracture toughness, thermal stability, and mechanical performance
under cyclic and thermal shock conditions. This review synthesizes recent studies on the thermo-
mechanical fracture response of these nano-enhanced composites, focusing on mechanisms like
crack deflection, bridging, and energy dissipation. Key findings indicate enhancements in fracture
toughness (up to 100%), reduced crack growth rates under fatigue, and improved durability in
thermal environments. For instance, nanosilica-modified epoxies exhibit superior impact
resistance for aerospace applications. Hybrid systems with GNPs and liquid metals show
synergistic improvements in thermomechanical properties. Challenges include nanomaterial
dispersion and agglomeration effects on fracture behavior. The paper discusses applications in
aircraft structures, emphasizing the need for multiscale modeling to predict responses under
combined loads.
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Introduction

Aerospace composites are pivotal in modern aircraft design, offering weight savings of up to 20-
30% compared to metals, which translates to fuel efficiency and reduced emissions. Materials like
CFRPs and GFRPs endure harsh conditions, including thermal cycles from -50°C to 150°C,
mechanical vibrations, and impact loads. Thermo-mechanical fracture, involving crack initiation
due to thermal expansion mismatches and propagation under mechanical stress, is a critical failure
mode. Thermal shock can induce microcracks, while fatigue exacerbates delamination and matrix

cracking.sciencedirect.com
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Nano-enhancements address these issues by reinforcing the matrix at the nanoscale. Nanofillers
like CNTs, GNPs, nanosilica, and nano-TiO. improve interfacial bonding, thermal conductivity,
and fracture toughness. For example, 2D nano-fillers in epoxy composites enhance fracture
resistance in aircraft structures subjected to extreme loads. Nanosilica acts as a toughening agent,
increasing impact and fracture mechanics for aerospace epoxies. Hybrid interply laminates with

carbon/Kevlar/S-glass/epoxy show improved thermo-mechanical responses.pmc.ncbi.nlm.nih.gov

The fracture response under thermo-mechanical loads is characterized by parameters like stress
intensity factor (K_Ic), energy release rate (G_Ic), and crack growth rate (da/dN). Nano-
enhancements promote mechanisms such as crack pinning and deflection, leading to rising R-
curves. This review examines these responses, drawing from experimental, analytical, and

numerical studies, to provide insights for designing durable aerospace composites.
Literature Review

The literature reveals significant progress in nano-enhanced composites for aerospace,

emphasizing thermo-mechanical fracture behavior.

Nano-enhanced CFRPs under thermal shock and moisture show improved durability with CNT
modifications, reducing thermomechanical degradation in epoxy resins and laminates.
Thermosetting vinyl ester composites with liquid metal (EGaln) and GNPs exhibit enhanced
fracture toughness and thermomechanical properties, with GNPs improving thermal conductivity
and EGaln aiding ductility.sciencedirect.commdpi.com

Nanocomposite fracture toughness is influenced by nanoparticle morphology, impacting stiffness
and toughness. Aerospace epoxy composites with 2D nano-fillers like graphene platelets focus on
fracture toughness improvements to prevent catastrophic failure under thermal cycles and

fatigue.brinsonlab.pratt.duke.edu

Experimental studies on pure epoxy and hybrid laminates (carbon/Kevlar/S-glass/epoxy) assess
thermo-mechanical responses, with nano-enhancements proposed for future aircraft. High-strain
rate impacts on CF/PEEK laminates reveal dynamic fracture behavior, with nano-additives

potentially enhancing response.researchgate.netsciencedirect.com
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Nanofillers like nanosilica boost compressive, tensile, and flexural moduli in polymers and
laminates. Non-oxidized graphene flakes in epoxy composites enhance thermal conductivity.
Nano-TiO: doped glass/epoxy composites improve mechanical and thermal stability under

cycling.etheses.whiterose.ac.uk

Cobalt ferrite nanofillers tailor thermal, mechanical, and magnetic properties. Comprehensive
reviews on nanosilica highlight toughness enhancements for aerospace epoxies. Nanomaterials in
heat management reduce fracture strain but improve thermal

properties.4spepublications.onlinelibrary.wiley.com

Biocompatible sandwich nanoplates with auxetic structures analyze thermo-mechanical vibration
for cyclic loading integrity. Composite metal foams (CMF) offer energy absorption and thermal
properties. FesOs nanoparticles induce magnetic functionality in carbon nanocomposites. Ultra-
high performance thermoplastics with nano-fillers provide high ductility and fracture toughness
for aerospace. Polycarbonate/AIN nanocomposites in additive manufacturing show improved

responses.tandfonline.com
Materials and Methods

This section synthesizes methodologies from reviewed studies for investigating thermo-

mechanical fracture in nano-enhanced composites.
Materials
« Matrix: Epoxy (DGEBA), vinyl ester, PEEK, PEI.
e Reinforcements: Carbon fibers (T300), glass fibers (E-glass), Kevlar; 50-70 vol.%.

o Nanofillers: CNTs (multi-walled), GNPs (5-20 nm), nanosilica (10-50 nm), nano-TiO: (20-
50 nm), AIN, Fes;Os; loadings 0.5-10 wt.%.

« Functionalization: Silane (APTES), non-covalent for graphene.
Sample Preparation
« Dispersion: Ultrasonication or three-roll milling for nanofillers in matrix.

o Composites: VARTM, prepreg lay-up, or extrusion for laminates (16-24 plies); curing 120-
200°C.
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e Specimens: SENB for fracture, dog-bone for tensile, compact tension for crack growth.
Testing Procedures

Thermo-Mechanical: DMA for storage modulus, TGA/DSC for thermal stability; thermal
shock (-50°C to 150°C cycles).

e Fracture: SENB (ASTM D5045) for K_Ic/G_Ic; DCB/ENF for interlaminar.
o Fatigue/Impact: Cyclic loading (R=0.1, 5 Hz); drop-weight impact (ASTM D7136).
« High-Strain Rate: Split-Hopkinson bar for dynamic fracture.

o Characterization: SEM/TEM for morphology/fractography; FTIR/XPS for interfaces; DIC

for strain.

Numerical: FEM (Abaqus) with CZM for crack simulation; parameters: E_matrix=3-5 GPa,
a_thermal=50-100 ppm/°C.

Results and Discussion
Thermo-Mechanical Enhancements

Nano-enhancements improve thermal stability and mechanical properties. Nanosilica in epoxy
increases fracture toughness by 50-100%, ideal for aerospace. CNT-modified CFRPs reduce
degradation under thermal shock and moisture. GNPs with EGaln in vinyl ester boost thermal

conductivity and toughness.pubs.acs.org

Hybrid laminates show superior responses, with nano-additives enhancing moduli. CF/PEEK

under high-strain rates exhibits direction-dependent fracture.researchgate.net
Fracture Mechanisms

Crack deflection and pinning dominate; nanosilica creates tortuous paths, reducing da/dN.
Graphene platelets improve G_Ic by promoting bridging. Nano-TiO: enhances stability under

cycling.azonano.com

Morphology affects toughness; optimal dispersion yields rising R-curves. AIN in polycarbonate

improves tensile strength.brinsonlab.pratt.duke.edumdpi.com
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Table 1: Key Improvements

Fracture  Toughness | Thermal Stability

Nanofiller System Increase (%0) Improvement Reference
Enhanced impact

Nanosilica Epoxy 50-100 resistance [11]
GNPs + | Vinyl
EGaln Ester Significant Higher conductivity [1]
CNTs CFRP Reduced degradation Moisture resistance [0]
Nano-TiO: GE Mechanical + thermal Cycling stability [9]
Graphene Epoxy G_Ic boost Fracture resistance [3], [7]
AIN PEI/PC Tensile + Electrical/thermal [17]

Challenges

Agglomeration reduces benefits; functionalization mitigates. Thermoplastics offer ductility for
aerospace.kompozit.org.trdspepublications.onlinelibrary.wiley.com

Conclusion

Nano-enhanced aerospace composites exhibit superior thermo-mechanical fracture responses
through toughening mechanisms and improved stability. Nanosilica, GNPs, and hybrids provide
50-100% toughness gains, crucial for aircraft durability. Future work should integrate modeling

for predictive design under extreme conditions.
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