
 
 

© STM Journals 2025. All Rights Reserved 1  
 

Volume 3, Issue 2, 2025 

July–December 

DOI (Journal): 10.37591/IJFMDS 

STM JOURNALS

International Journal of  

Fracture Mechanics and  
Damage Science 

 
https://journals.stmjournals.com/ijfmds 

Review IJFMDS 
 

Assessment of Matrix Cracking and Fiber Breakage 
in Hybrid Composite Materials 
 

Aditya Sahu* 

 

Abstract 

Hybrid composite materials, combining two or more distinct fiber or matrix constituents, have 
emerged as advanced structural solutions for aerospace, automotive, marine, and civil engineering 
applications. However, their complex microstructure makes them susceptible to multiple interacting 
damage mechanisms, particularly matrix cracking and fiber breakage. This study provides a 
comprehensive assessment of these damage modes, emphasizing their initiation, evolution, and 
combined effects on the mechanical integrity of hybrid composites. Matrix cracking typically 
originates from micro-level stress concentrations, thermal residual stresses, and cyclic loading, 
progressively forming interconnected crack networks that degrade stiffness and promote moisture 
ingress. Fiber breakage, on the other hand, is primarily influenced by fiber type, interfacial bonding 
strength, and the heterogeneity of load transfer in hybrid architectures. The interaction between these 
mechanisms accelerates damage propagation: matrix cracks serve as pathways for stress 
localization, leading to premature fiber breakage, while broken fibers further intensify local stress 
fields, fostering additional matrix cracking. Analytical, numerical, and experimental approaches – 
including micromechanical modeling, acoustic emission monitoring, computed tomography, and 
digital image correlation – are critically reviewed to evaluate their capability in capturing damage 
progression. The findings highlight that hybridization strategies, such as fiber stacking sequences, 
fiber mixing ratios, and tailored interphases, significantly influence damage tolerance and failure 
patterns. This assessment underscores the need for integrated characterization and modeling 
frameworks to accurately predict service life and optimize the design of hybrid composites. The 
study contributes to advancing reliable, durable, and high-performance hybrid composite 
structures through improved understanding of matrix cracking and fiber breakage mechanisms. 
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INTRODUCTION 

Hybrid composite materials, formed by combining two or more types of fibers or matrix 

constituents within a single material system, have 

emerged as a promising class of advanced 

structural materials for aerospace, automotive, 

marine, and energy applications. Their ability to 

integrate the strengths of different reinforcements, 

such as the high stiffness of carbon fibers with the 

toughness of glass or aramid fibers, offers 

enhanced mechanical performance, improved 

damage tolerance, and greater design flexibility 

than conventional composites. However, these 

benefits are associated with increased complexity 

in understanding and predicting failure behavior 

[1]. 
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Matrix cracking and fiber breakage are among the most critical and prevalent damage mechanisms 

in hybrid composites. Matrix cracking typically occurs during the early stages of loading owing to 

microstructural heterogeneities, thermal residual stress, or cyclic fatigue, leading to stiffness 

degradation and localized stress concentrations. As the loading continued, these cracks propagated, 

interacted, and coalesced, ultimately influencing the distribution of stresses within the composite. 

Fiber breakage, often considered the final and most severe damage mode, results from excessive local 

stresses or poor load transfer efficiency and can trigger sudden structural failure [2]. 

 

The interaction between matrix cracking and fiber breakage is especially complex in hybrid 

systems because the presence of different fiber types results in nonuniform stress sharing, varied 

interfacial bonding strengths, and distinct failure strains. Figure 1 shows matrix cracks, broken fibers, 

and debonding. Therefore, a comprehensive understanding of these coupled damage processes is 

essential for accurately predicting mechanical behavior, ensuring structural reliability, and optimizing 

hybrid composite designs [2]. 

 

 
Figure 1. Matrix cracks, broken fibers, and debonding. 

 

LITERATURE 

Hybrid composite materials, which combine multiple types of fibers or matrices, have gained 

significant attention for their superior mechanical performance, and foundational micromechanical 

models have been developed in early research to explain stress distribution and the initiation of failure 

in composite laminates. Subsequent studies have highlighted that hybridization, such as combining 

carbon and glass fibers, can enhance damage tolerance by redistributing stresses and delaying 

catastrophic failure [3]. 

 

Matrix cracking has been widely investigated as the dominant damage mechanism in polymer 

composites. Transverse matrix cracks can initiate at relatively low load levels owing to the brittle 

nature of the matrix and the presence of thermal residual stresses. Subsequent studies employing 

damage-mechanics frameworks have demonstrated how microcracks progressively coalesce and 

contribute to stiffness degradation. More recent investigations using advanced techniques, such as 

micro-computed tomography and digital image correlation, have provided  

detailed insights into the gradual development of crack networks and their interaction with fiber 

architectures [4]. 

 

Fiber breakage has been investigated using probabilistic approaches that describe fiber failure and 

load-sharing mechanisms within fiber bundles. Studies on hybrid composites have indicated that fiber 

breakage is strongly affected by fiber type, interfacial bonding strength, and hybrid ratios. It has also 

been shown that carbon–glass hybrid laminates can exhibit delayed fiber failure as a result of 

synergistic stress redistribution between the different fiber constituents [5]. 

 

Advanced characterization techniques, including acoustic emission, Raman spectroscopy, and X-

ray tomography, have improved our understanding of coupled damage modes. Numerical simulations, 

such as cohesive zone modeling and phase-field fracture models, can predict crack initiation and fiber 

breakage in hybrid architectures [6]. 
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Overall, the literature emphasizes that the interaction between matrix cracking and fiber breakage is 

critical for determining the structural integrity and service life of hybrid composites, making 

integrated experimental–computational approaches essential for accurate assessment [7]. 

 

METHODOLOGY 

The assessment of matrix cracking and fiber breakage in hybrid composite materials involves a 

combined experimental, analytical, and numerical approach to capture multiscale damage evolution. 

The methodology adopted in this study is outlined as follows. 

 

Material Selection and Specimen Preparation 

Hybrid composite laminates are fabricated using combinations of fibers, such as carbon, glass, 

basalt, or aramid, in predetermined stacking sequences or fiber mixing ratios. Epoxy or thermoplastic 

matrices were selected based on their mechanical and thermal compatibilities. Standardized specimen 

geometries (ASTM D3039, D3518, and D790) were used for the tensile, shear, and flexural testing 

[8]. 

 

Mechanical Testing for Damage Initiation and Propagation 

Quasistatic tension, compression, and cyclic fatigue tests were performed to induce controlled 

damage. Load–displacement curves and strain fields were recorded to identify the onset of matrix 

cracking and subsequent fiber breakage. Environmental conditioning (humidity and temperature 

cycling) may be applied to study durability effects [9]. 

 

Damage Characterization Techniques 

Multiple non-destructive evaluation (NDE) methods are employed: 

• Optical and scanning electron microscopy (SEM) of microcrack morphology and fiber 

fracture surfaces. 

• Acoustic emission (AE) for real-time detection of crack events and fiber break signatures. 

• Micro-CT imaging to visualize internal crack networks and broken fiber regions. 

• Digital image correlation (DIC) to map strain localization, leading to failure [10]. 

 

Analytical and Micromechanical Modeling 

Classical laminate theory (CLT), shear-lag models, and micromechanics of failure criteria were 

used to predict the distribution of stress and damage onset. Crack density models were applied to 

quantify matrix cracking. 

 

Numerical Simulation 

Finite element analysis (FEA) incorporating cohesive zone modeling (CZM) or phase-field fracture 

models was used to simulate crack initiation, propagation, and fiber breakage under various loading 

conditions. The interfacial properties were calibrated using experimental data. 

 

Data Correlation and Validation 

The experimentally measured crack density, fracture patterns, and stiffness degradation were 

compared with the model predictions to validate the damage mechanisms. The combined results 

support the development of an integrated framework for assessing hybrid composite damage. 

 

APPLICATIONS 

Understanding matrix cracking and fiber breakage in hybrid composite materials is essential for 

improving their performance, safety, and durability across various engineering sectors. The 

assessment of these damage mechanisms enables the following key applications. 

 

Aerospace Structures 

Hybrid composites are widely used in aircraft fuselage panels, wing skin, interior components, and 
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UAV frames. Accurate evaluation of cracking and fiber failure enhances fatigue life prediction, 

increases reliability under variable flight loads, and supports the certification of lightweight high-

strength structures. 

 

Automotive and Transportation Engineering 

Hybrid carbon–glass and basalt–glass composites are employed in chassis parts, crash structures, 
drive shafts, and body panels. By understanding damage initiation and propagation, manufacturers can 

design safer and more impact-resistant components, while reducing vehicle weight to improve fuel 

efficiency. 
 

Wind Turbine Blades 

Long turbine blades are subjected to cyclic, thermal, and environmental loads. The assessment of 

matrix cracking and fiber breakage helps to optimize blade layups, predict service life, prevent 
catastrophic failures, and improve maintenance schedules. 

 
Marine and Offshore Structures 

Hybrid composites used in boat hulls, masts, and underwater equipment benefit from improved 
resistance to cracking under moisture and saltwater exposure. Understanding damage progression 

ensures long-term durability and structural reliability. 
 

Civil and Infrastructure Components 

Hybrid FRP reinforcement bars, bridge decks, and strengthening laminates rely on controlled crack 

behavior. Evaluating the damage mechanisms assists in improving load-bearing capacity, seismic 
performance, and corrosion resistance. 

 

Sporting Goods and High-Performance Equipment 

Applications such as bicycles, helmets, racquets, and protective gear use hybrid composites for 

enhanced strength-to-weight performance. Damage assessment enables designers to optimize the 
impact absorption and material longevity. 

 
Predictive Maintenance and Digital Twins 

Accurate models of matrix cracking and fiber breakage contribute to digital twin frameworks for 
real-time monitoring of composite structures, enabling the early detection of failures and reducing 

downtime. 
 

CONCLUSION 

The assessment of matrix cracking and fiber breakage in hybrid composite materials is essential for 

understanding the complex and interactive failure mechanisms that govern their structural 
performance. Hybrid composites, owing to their tailored combinations of fiber and matrix 

constituents, exhibit unique damage progression patterns that differ significantly from those of 
conventional single-fiber composites. This study highlights that matrix cracking typically serves as an 

initial mode of degradation driven by micro-level stress concentrations, cyclic loading, and 

environmental influences. These cracks act as precursors to more severe failure, creating stress 
pathways that accelerate fiber breakage. 

 
Fiber breakage, in turn, profoundly affects the load transfer efficiency and contributes to 

catastrophic failure when the crack density surpasses critical thresholds. The interplay between these 
two mechanisms underscores the importance of evaluating both phenomena together, rather than in 

isolation. Advanced experimental techniques, such as micro-CT, DIC, and AE, combined with 
analytical models and numerical simulations, offer comprehensive tools for characterizing and 

predicting damage evolution. 
 

These findings emphasize that hybridization strategies—fiber selection, stacking sequence, mixing 
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ratio, and interfacial engineering—play a major role in enhancing damage tolerance and controlling 

crack propagation pathways. Therefore, an integrated, multiscale approach is essential for developing 
reliable predictions of the service life and optimizing the design of hybrid composite structures. 

 

Overall, an improved understanding of matrix cracking and fiber breakage not only contributes to 

safer and more durable applications in the aerospace, automotive, marine, and energy sectors but also 

supports the advancement of next-generation high-performance hybrid composite materials. 
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