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 Abstract 

Polymer matrix composites (PMCs) have gained prominence for their light weight, 
corrosion resistance, and low cost; however, their poor mechanical strength limits 
their use in high-performance applications. This review focuses on the role of iron 
oxide nanoparticles (Fe₃O₄ and γ-Fe₂O₃) in enhancing the mechanical properties of 
PMCs through mechanisms such as improved stress transfer, crack resistance, and 
interface strength. This study includes a detailed analysis of the effect of 
nanoparticle parameters; such as size, surface functionalization, dispersion quality, 
and orientation on mechanical behavior. It also explores recent developments in 
hybrid nanofillers, magnetic alignment techniques, and smart functionalities like 
shape-memory effects and electromagnetic responsiveness. 
This study further reviews advanced processing methods such as in-situ 
polymerization and green synthesis, highlighting their advantages in achieving 
uniform dispersion and environmental compatibility. A special focus is placed on 
interface engineering and stress transfer mechanisms, supported by modern 
characterization techniques like Raman spectroscopy and electron microscopy. 
Additionally, the review compiles key challenges in nanoparticle dispersion, 
alignment, and scale-up, along with their contributing causes. 
To offer practical insights, categorized tables summarize performance outcomes, 
processing conditions, and recurring fabrication issues. Hence, this comprehensive 
study aims to provide researchers with both foundational understanding and 
advanced insights into the development of high-performance, multifunctional 
Fe₃O₄-reinforced polymer nanocomposites. 
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INTRODUCTION

The key importance of polymer matrix composites 
(PMCs) as the materials in the modern engineering is 
explained by their low weight, corrosion resistance, 
ease of processing, and cheap prices (Fatolahi et al., 
2025). In high-performance structures, however, 

including aerospace, automotives, and structures, 
these mechanical insufficiencies of neat polymer 
matrices, like low tensile strength, poor modulus, 
limited supporting abilities, in most circumstances 
limit their employment (Tiwari et al., 
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2024). Inadequacies in this demand material 
innovations, which are able to endow greater 
mechanical properties even though retaining the 
intrinsic benefits of polymer systems. 
The nanoparticle-based reinforcing strategy is one of 
the most promising approach as compared to other 
nanofillers studied (Mirzapour et al., 2024). The 
attention to iron oxide nanoparticles (Fe3O4 and γ-
Fe₂O₃) has become of paramount importance 
because of its dual mechanical and magnetic 
properties, chemical stability, and simple synthesis 
(Saeed et al., 2024). They have nanoscale sizes within 
which they can interact well at polymer-filler 
interface to enhance stress yielding, crack resistance 
and jump-off, and structural strength, particularly in 
the case of well dispersed particles (Zeng et al., 
2024). The mechanism of interaction of iron oxide 
nanoparticles that can alter the mechanical 
properties is greatly conditional on the concentration 
used, surface properties, and dispersion in the 
polymer matrix (Fatolahi et al., 2025). 
 
Recent Developments in Iron Oxide Nanoparticle-
Reinforced Composites 
Recent studies have exhibited some impressive 
enhancements of mechanical properties with 
reinforcement of iron oxide nanoparticles. The 
hybrid nanocomposite structures have displayed 
outstanding potential; the MWCNT/Fe3O4 hybrid 
nanofillers have been displayed to perform better 
than either of the material used singularly. Increases 
of tensile strength of up to 46 per cent and elastic 
modulus of up to 50 per cent compared to matrices 
made with neat epoxy have been reported. These 
improvements are said to be brought about by the 
synergistic effects between carbon nanotubes with 
iron oxide particles that generate better stress 
transfer routes and enhanced interfacial interactions 
(Fatolahi et al., 2025). 
Surface functionalization has become an important 
aspect in enhancement of nanocomposite 
performance. Recent studies have revealed that 
interfacial binding energy increased significantly by 
grafting surface-modified iron oxide nanoparticle 
with polymer, which contributes to better 
mechanical performance. As an example, grafting of 
poly(N-vinyl pyrrolidone) to Fe3O4 nanoparticles has 
exhibited the enhanced thermomechanical 

performance and enhanced tensile properties in the 
polyhydroxyurethane matrices (Saeed et al., 2024). 
Optimization methods of dispersion have also made 
considerable changes, and solvent systems having 
chloroform and optimized sonication protocols 
exhibited their better performance to achieve 
uniform nanoparticle dispersion (Fatolahi et al., 
2025). The increase in mechanical properties has a 
direct connection with the dispersion quality because 
when the dispersion is done in a uniform manner, 
stress transfer across the composite matrix can be 
conducted effectively (Gopika et al., 2024). 
 
Multifunctional Properties and Smart Material 
Applications 
Iron oxide nanoparticles offer unique 
multifunctional capabilities beyond mechanical 
reinforcement. They have been observed to have the 
potential in creating smart composite materials that 
are responsive in nature through recent researches. 
Shape-memory polymer nanocomposites with Fe3O4 
particles have been demonstrated as having 
improved shape memory behavior in which recovery 
ratios are greater than 98% and reversible strain 
higher than 7%. The materials are magnetothermally 
and photothermally responsive and can be actuated 
non-contactingly using external magnetic field or 
near-infrared light (Fong et al., 2025). Magnetic 
alignment methods have been shown useful in 
improving the mechanical properties by ordering 
nanoparticles. Experiments have been performed to 
align Fe3O4 attached graphene nanoplatelets in weak 
DC magnetic fields and a 31 increase in Young’s 
modulus has been observed relative to randomly 
oriented systems (Tiwari et al., 2024). This approach 
represents a significant advancement in processing 
techniques for optimizing nanocomposite 
performance. 

 
Advanced Processing and Characterization 
Techniques 
Nanocomposites have come to the center of the 
solution because in situ polymerization methods 
have been seen as greener alternatives to making 
nanocomposites (Gopika et al., 2024; Mirzapour et 
al., 2024). Such methods do not require the use of 
organic solvents and yet provide an excellent 
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dispersion quality and improvements of the 
properties. Recent research has shown that 38% and 
46% improvements in Young’s modulus and tensile 
strength and 143% increase in toughness could be 
achieved using in-situ techniques at very low loadings 
of nanofillers (Mirzapour et al., 2024). Plant extracts 
have been used to develop green synthesis strategies 
of iron oxide nanoparticles which present 
environment friendly solutions to the highly 
chemical synthetic techniques. These nanoparticles 
that they synthesized retain their reinforcement 
potentials but offer them greater biocompatibility to 
be used in medicine (Saif et al., 2019). 
 
Interface Engineering and Stress Transfer 
Mechanisms 
The recent studies have contributed new knowledge 
to understand interface engineering approaches to 
optimize the interactions of nanoparticles with 
polymers (Dong et al., 2024). Interfacial binding 
energy between the polymer matrices and the surface 
modified nanoparticle is found to be a critical 
parameter whereby in the studied case, an increase in 
the binding strength (up to 1.5 times as high) directly 
correlates with increases in mechanical strength 
(Zeng et al., 2024). Using advanced techniques of 
characterization, e.g. some advanced techniques of 
characterization include Raman spectroscopy (Gohar 
et al., 2025) and photoluminescence such stress 
transfer mechanisms of iron oxide nanocomposites 
systems have been understood (Dong et al., 
2024).  Through these studies, it is apparent that 
nanoparticles aspect ratio and orientation, surface 
functionalization, and the quality of interfacial 
adhesion must be considered to promote effective 
stress transfer (Boaretto et al., 2023; Dong et al., 
2024).  

Emerging Applications and Future Perspectives 
Nanocomposites with multifunctional properties 
with the inclusion of iron oxide nanoparticles are 

being used in various sectors such as electromagnetic 
interference shielding  (Huang et al., 2025), energy 
storage systems (Ahmer et al., 2025), and biomedical 
devices (Vasić et al., 2024) . Some other recent 
research has shown that the use of iron oxide filled 
composites can cause electromagnetic shielding 
physics to be nearly at the level of commercial 
application but also give mechanical integrity  
(Huang et al., 2025). 
Another frontier lies on Smart sensing applications; 
a clear example is that iron oxide nanocomposite 
hydrogels have demonstrated strain and temperature 
sensing (Yue et al., 2024; Yue et al., 2024). These 
materials have an electrical resistance variation with 
strains and changes in temperature, which makes 
them appropriate for wearable electronics and 
structural health monitoring (Del Bosque et al., 
2024). 
 
Processing Challenges and Solutions 
The most critical issues of developing iron oxide 
nanocomposites involve dispersion (Azani et al., 
2024). Recent innovations come in a form of surface 
modification with amphiphilic polymers (Yamamoto 
et al., 2021), plasma-induced surface treatments 
(Chanda et al., 2021), and optimized melt mixing 
parameters (Al-Maqdasi et al., 2024). These 
approaches address agglomeration issues and 
improve nanoparticle distribution throughout the 
polymer matrix. 
Scalability considerations for commercial production 
have led to the development of continuous 
processing methods and automated synthesis 
techniques (Maisuradze et al., 2024). These advances 
are crucial for transitioning from laboratory-scale 
research to industrial applications. Table 1 outlines 
the key fabrication challenges encountered in Fe₃O₄-
reinforced polymer composites, along with their 
corresponding underlying causes as reported across 
multiple studies. 

 
Table 1: Key Limitations and Contributing Causes in Fe₃O₄ Composite Fabrication 
References   Challenges  Cause  

(Liu et al., 2006) 

Fabricating composites with aligned 
nanoparticles is challenging. 
Random dispersion and embedding of 
particulates complicate alignment. 

Iron oxide nanoparticles synthesized in 
cellulose film template. 
Alignment due to film shrinkage during 
drying. 
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(Cano et al., 2015) 
Nanocrystal clustering at high loading levels. 
Maintaining cylindrical morphology with low 
nanocrystal content. 

- 

(Bai et al., 2014) 

Preventing aggregation of magnetic 
nanoparticles in polymer matrices. 
Achieving efficient crosslinking with high 
molecular weights. 

Thermally induced desorption of 
carboxylic acid causes decrosslinking. 
Clustering of nanoparticles affects 
material properties during processing. 

(Gass et al., 2006) 

Controlling nanoparticle dispersion in 
polymer matrices is challenging. 
Clustering due to polymer-particle interactions 
complicates dispersion. 

Clustering due to polymer-particle 
interaction imbalance. 
Oleic acid surfactant prevents 
nanoparticle agglomeration. 

(Koo et al., 2016) 

Controlling nanoparticle orientation affects 
magnetic properties significantly. 
Achieving uniform distribution in polymer 
matrix is challenging. 

- 

(Salehirozveh et al., 
2024) 

Need for further research to optimize 
properties. 
Ensure safety and efficacy in medical 
applications. 

- 

(Salehipour et al., 
2021) 

Naked nanoparticles easily oxidized, losing 
dispersibility and magnetization. 
Disadvantages of gadolinium contrast agents 
compared to iron oxide alternatives 

- 

Characterization and Quality Control 
Special methods of non-destructive evaluation have 
been created to measure the quality of the 
nanoparticle dispersion in the ultra-low loading 
composites (Montinaro et al., 2022). The other two 
types of rapid assessment include pulsed phase 
thermography and handheld X-ray fluorescence 
spectroscopy, which can direct quality control in 
industry  (Geka et al., 2021).  
Field-emission scanning electron microscopy, high-
resolution transmission electron microscopy, and  
 

 
related advanced microscopy methods are on-going 
to yield information relating to nanostructure-
property relationships (Fatolahi et al., 2025). These 
characterization techniques play a vital role in 
comprehending failure function and composition 
design improvement. Table 2 provides a review of 
topical investigations into the processing 
technologies and performance improvement of 
Fe3O4-based nanocomposites, giving an indication of 
the focus, methodologies, main results, and 
accompanying observations.    

 
Table 2: Research Developments in Processing and Performance of Fe₃O₄-Based Nanocomposites 
Reference Focus of Study Method Used Key Findings Remarks 

(Bedoui et al., 
2024) 

Influence of Fe₃O₄ 
nanoparticle 
surface chemistry 
on polymer 
nanocomposite 

PVDF reinforced with 
Fe₃O₄ nanoparticles 
(OH, hexanoic acid, 
oleic acid 
terminations); 

OH-terminated Fe₃O₄ NPs 
provided the best 
mechanical and interfacial 
properties; hexanoic acid-
grafted NPs offered a good 

Highlights 
importance of 
surface 
functionalization 
for optimizing 
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properties molecular dynamics 
simulation 

compromise; hydrogen 
bonding critical for 
performance 

nanocomposite 
properties 

(Kim et al., 
2024) 

Mechanical and 
shape memory 
behavior of 
biocompatible 
SMPs with Fe₃O₄ 
and CNTs 

Polycaprolactone-
based SMPs with 
Fe₃O₄ (0–20 wt%) 
and CNTs (0–0.8 
wt%) 

Tensile strength increased 
with Fe₃O₄ addition 
(14.9–17.6 MPa); high 
shape memory ratio (91–
98%) under magnetic 
field; maintained 
biodegradability 

Suitable for medical 
implants; 
demonstrates 
multifunctionality 
(mechanical, 
magnetic, 
biodegradable) 

(Bustamante-
Torres et al., 
2022) 

Review of 
synthesis, 
properties, and 
biomedical 
applications of iron 
oxide-polymer 
composites 

Various polymers 
(hydrogels, PVA, 
chitosan) with iron 
oxide nanoparticles; 
synthesis via co-
precipitation, polyol, 
hydrothermal, etc. 

Iron oxide NPs enhance 
mechanical, thermal, and 
magnetic properties; 
enable applications in 
drug delivery, imaging, 
and tissue engineering 

Emphasizes 
versatility in 
synthesis and broad 
biomedical 
potential 

(Gradinaru et 
al., 2021) 

Enhancement of 
MRI quality and 
mechanical 
properties in 
polyurethane 
nanocomposites 

Polyurethane matrix 
with varying Fe₃O₄ 
NP content 

Improved mechanical, 
dielectric, and magnetic 
properties; good 
cytocompatibility for 
biomedical use 

Demonstrates 
application in 
medical imaging 
and device 
fabrication 

(Mahendran et 
al., 2017) 

Preparation and 
characterization of 
IONP-reinforced 
polymeric thin 
films 

PVA matrix with iron 
oxide nanoparticles; 
hydrogen bonding 
analysis 

Superior thermal stability 
and robust NP-matrix 
interaction via hydrogen 
bonding 

Confirms 
reinforcement 
improves thermal 
and mechanical 
stability 

Future Research Directions 
One of the prioritized research directions in 
sustainable nanocomposites is their compositions of 
biodegradable matrices and more environmentally 
caring processing (Tamjid et al., 2024). The 
combination of renewable materials and technology 
of iron oxide nanoparticles is one of the potential 
directions of sustainable composites of the next 
generation. 
Artificial intelligence and machine learning 
applications are starting to be seen on 
nanocomposite design and property prediction. And 
the potential solutions that may reduce their risk to 
minimum levels (Musa et al., 2025). Such computer 
methods have the capability to speed up the process 
of developing optimized formulations and process  

 
parameters. There is developed multi-scale modeling 
to anticipate the nanocomposites behavior on varied 
scale, the molecular structure interaction to 
macroscopic properties (Boaretto et al., 2023). Such 
models will play a paramount role in the rational 
design of the next-generation nanocomposite 
systems. 
The research area of iron oxide nanoparticle-
strengthened polymer composites is developing fast, 
and more recent developments have shown that is 
indeed possible to develop fully multifunctional 
materials in which structural strength is enhanced 
alongside responsive, smart behaviours. Within these 
materials, the merging of advanced processing 
methods, interface engineering solutions, and new 
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applications have placed them on the frontiers of the 
next generation composite technology. 

 
CONCLUSION 
This study has described the latest development 
about processing method such like in-situ 
polymerization and green synthesis and effect of the 
key parameters, size of nanoparticle, surface 
functionalization and dispersion of the nanoproduct 
on the performance of composites. Although modest 
breakthroughs in tensile strength, modulus and 
toughness accomplishments have been realized, its 
challenges in aspects of agglomeration, alignment 
and scaling would continue to challenge. The rising 

trend of using these nanocomposites in the 
biomedical, sensing, and energy storage components 
alludes to an expanding role of the components in a 
multifunctional material system. 
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