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Abstract. Polymer composites have become one of the most widely used and beneficial materials in
modern industries due to their desirable structure, light weight, high strength, and flexibility. The
positive role of these polymer composites is largely dependent on the size, structure, and dispersion
phase of the reinforcing phase. In this article through a systematic review the influence of various
parameters on the mechanical properties of polymer composites is analyzed, considering
reinforcements based on ferrocene and ferrocene containing compounds. Different types of
reinforcements, including fine particles (micro and nano), fibers (natural and synthetic), and two
dimensional nanomaterials (such as graphene and inorganic compounds), have been investigated.

The innovative role of reinforcements based on ferrocene and their derivatives is discussed in detail,
highlighting their potential to simultaneously enhance mechanical, thermal and flame-retardant
properties. The reinforcement mechanisms, including effective load transfer strong interfacial
bonding, and crack bridging are described. Furthermore hybrid composites, which utilize a
combination of multiple reinforcements to achieve superior properties, are reviewed. Analysis of
recent studies indicates that ferrocene derivatives, with their unique sandwich structure, significantly
improve interfacial adhesion through strong m-m interactions and surface modification capabilities,
often leading to a considerable increase in toughness and impact strength. Finally existing challenges
and future perspectives including optimizing reinforcement dispersion and the development of smart
ferrocene-based composites are discussed.
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1. INTRODUCTION

Composite materials are formed by combining two or more dissimilar materials with different
physical and chemical properties. The goal of this process is to obtain a material with new properties
that are impossible to achieve from the individual components [1]. These materials consist of a
continuous phase (matrix) and a discontinuous phase (reinforcement). Polymer matrix composites
(PMCs) occupy a significant share of the composites market due to their low density high specific
strength, corrosion resistance and ease of processing. The mechanical properties of (PMCs) depend
significantly on the properties of each component and, in particular, on the quality of the interface
between the matrix and the reinforcing element. The reinforcing elements bear the applied load while
the matrix holds them in place and transfers the load between them. Therefore, the selection of the
type, size, shape and amount of reinforcing elements is a critical design parameter.

In recent years advances in nanotechnology have revolutionized the field of composites,
nanoreinforcements, owing to their very high surface to volume ratios, possess a unique ability to
interact with the polymer matrix, resulting in significant improvements in mechanical, thermal, and
even electrical properties at very low concentrations [2]. Among nanomaterials organometallic
compounds have attracted considerable attention because they combine unique metallic and organic
properties. Ferrocene (dicyclopentadienyl iron), one of the best known compounds in this family,
exhibits exceptional thermal and chemical stability due to its unique sandwich structure. These
properties make ferrocene and its derivatives ideal candidates for use as reinforcements in polymer
composites. This article presents a systematic review of the effects of various types of reinforcements,
with a particular emphasis on the less-studied potential of ferrocene-based reinforcements for the
mechanical properties of polymer composites [3].

2. METHODS AND MATERIALS

The materials used in this study include various polymer matrices and ferrocene-based
reinforcements. Table 1 summarizes the key materials, their specifications, and sources.

Table 1. List of materials used in the preparation and analysis of polymer/ferrocene composites.

Material Chemical formula /specification Supplier/source Purity/properties

Epoxy resin ED-20 (bisphenol a diglycidyl Khimprom, Russia Epoxy equivalent: 20-22
ether) gleq

Ferrocene Fe({zHz)z Sigma-Aldrich = 989
Polyamide-6 PA-6 (Granules) BASF (Ultramid®) Density: 1.13 g/cm?3
Polypropylene | PP (Homo-polymer) Exxon Mobil MFIL: 12 g/ 10 min
Ferrocene Amino — ferrocene (Fe — NHz) | Synthesized = 95%
derivative
Solvent Acetone (CzHg0) Vekton, Russia Analytical grade

Preparation of Composites

The polymer composites were prepared by solution mixing method. The polymer matrix (epoxy
resin or polyamide) was first dissolved in an appropriate solvent (acetone for epoxy, formic acid for
polyamide) at 50°C under continuous stirring. Ferrocene or its derivatives were added to the solution
at concentrations of 1, 3 and 5% wt. relative to the polymer mass. The mixture was stirred for 2 hours
to ensure homogeneous dispersion, then cast into PTFE molds. For thermosetting matrices a hardener
was added prior to casting, and the samples were cured at 80°C for 24 hours. For thermoplastic
matrices, the solvent was evaporated at 60°C under vacuum for 48 hours [4].

Characterization methods

X-ray Diffraction (XRD) — X-ray diffraction analysis was performed to investigate the crystalline
structure of the composites and confirm the incorporation of ferrocene. An ARL PERFORM'X
(thermo fisher scientific, USA) diffractometer was used with Cu-Ka radiation (A = 1.5406 A) at 40 kV
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and 30 mA. Diffraction patterns were recorded in the 26 range from 5° to 70° at a scanning rate of
2°/min. The interplanar spacing (d) was calculated using Bragg's law: nA = 2d sin®.

Scanning Electron Microscopy (SEM) -The morphology of the composites and the dispersion state
of ferrocene particles were examined by scanning electron microscopy using a JSM-7100F (JEOL,
Japan) microscope. Samples were cryo-fractured in liquid nitrogen to obtain a fresh cross-sectional
surface, then coated with a thin layer of gold (=10 nm) by sputtering to avoid charging effects. Images
were taken at an accelerating voltage of 15 kV using secondary electron (SE) detectors.

Mechanical testing -Tensile properties were evaluated according to ASTM D638 standard using a
Z020 universal testing machine (ZwickRoell, Germany). Dumbbell-shaped specimens (type V) were

tested at a crosshead speed of 5 mm/min at room temperature (23 + 2=c). At least five specimens were
tested for each composition, and the average values of tensile strength, elastic modulus, and elongation
at break were reported.

Flexural strength was measured by three-point bending test following ASTM D790. Specimens
with dimensions g, . 15 4 MM were tested with a support span of 64 mm and a crosshead speed of 2

mm/min [5].

Brunauer-Emmett-Teller (BET) Surface area analysis — The specific surface area and pore
characteristics of the composites were determined by nitrogen adsorption-desorption isotherms at -
196°C using an SSA-7000 analyzer. Samples were degassed at 150°C for 3 hours prior to
measurement. The BET method was used to calculate surface area, while the Barrett-Joyner-Halenda
(BJH) method was applied for pore size distribution.

Fig 1 presents a comprehensive set of characterization data for o« — Fe-(05 catalysts with different

iron isotopes, as reported in. These results are presented here for comparative purposes, as iron-based
nanostructures share similar characteristics with ferrocene-based reinforcements. The figure includes:

a) XRD patterns - showing characteristic peaks at 28 = 24.1°,33.2°, and 35.6° corresponding to
the (102), (104) and (110) planes of &« — Fe-05. Understanding such crystalline features is essential for
interpreting the structural behavior of iron-containing reinforcements in polymer composites.

b) SEM images — revealing irregular lump-shaped particles with rough surfaces containing pores
and gullies. Such surface morphology is known to enhance mechanical interlocking with polymer
matrices, leading to improved interfacial adhesion.

¢) FTIR spectra — exhibiting characteristic Fe — O vibration peaks around 560 and 430 cm™. In
ferrocne-based composites, similar metal-ligand vibrations can be observed, confirming the presence
of organometallic structures.

d) UV-Vis diffuse reflectance spectra and corresponding tauc plots - demonstrating characteristic
band gap values (1.73-1.97 eV) for iron-based materials which can serve as a reference for
understanding the optical behavior of ferrocene-reinforced composites.

e) XPS spectra - showing Fe 2p peaks at approximately
710.9 eV (Fe 2ps/2) and 724.4 eV (Fe 2p./2), Characteristic of iron in oxide form. Similar binding
energy values in ferrocene-based composites can indicate the presence of iron-centered structures.

) Nitrogen adsorption-desorption isotherms and corresponding (BET) data — showing significantly
higher surface areas (120-145 m2/qg) for iron oxide nanoparticles compared to typical polymer
composites, highlighting their potential as high-surface-area reinforcements [6].
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Fig. 1. Comprehensive characterization of & — Fe-05 catalysts with different iron isotopes: (a) XRD

patterns, (b) SEM images, (c) FTIR spectra, (d) UV-Vis DRS spectra and Tauc plots, () XPS spectra,
and (f) nitrogen adsorption-desorption isotherms.

Fourier-Transform Infrared Spectroscopy (FTIR)
FTIR Spectra were recorded using a nicolet is10 spectrometer (Thermo Scientific, USA) in the
range of 4000 — 400 cm=? With a resolution of 4 ;-2 Samples were prepared as KBr pellets. The spectra

were used to identify chemical interactions between ferrocene and the polymer matrix [7].
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Fig. 2. FTIR spectra of o — Fe- 05 catalysts.

UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS)

The optical properties of the composites were investigated using UV-Vis diffuse reflectance
spectroscopy. Spectra were recorded on a UV-Vis spectrophotometer equipped with an integrating
sphere, in the wavelength range of 200-800 nm. The optical band gap (Eg) was calculated using the
Tauc plot method:

where a) is the absorption coefficient, h is planck's constant, v is the frequency of light, and b) is a
constant. This analysis provides insight into the electronic structure of the composites and the
influence of ferrocene on light absorption behavior [8].
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Fig. 3. (a) UV-Vis diffuse reflectance spectra of a-Fe.Os catalysts, and (b) corresponding Tauc plots
for band gap determination.

X-ray Photoelectron Spectroscopy (XPS) — XPS analysis was conducted using an Escalab 250Xi
spectrometer with monochromatic Al Ka radiation to determine the surface chemical states of the
elements. The binding energies were calibrated using the C 1s peak at 284.8 eV. This technique helps
identify chemical interactions between ferrocene and the polymer matrix, particularly the formation of
covalent or hydrogen bonds [9]

Brunauer-Emmett-Teller (BET) Surface Area Analysis

The specific surface area and pore characteristics of the composites were determined by nitrogen
adsorption-desorption isotherms at -196°C using an SSA-7000 analyzer. Samples were degassed at
150°C for 3 hours prior to measurement. The BET method was used to calculate surface area, while
the Barrett-Joyner-Halenda (BJH) method was applied for pore size distribution.

Fig 4 and table 2 present the nitrogen adsorption-desorption isotherms and BET surface area data
for a-Fe:Os catalysts [10]. These results show significantly higher surface areas (120 — 145 m?3/g)
compared to typical polymer composites, highlighting the potential of iron-based nanoparticles as
high-surface-area reinforcements. Such high surface area can promote better interfacial interactions
and stress transfer in composite materials.
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Fig. 4. Nitrogen adsorption-desorption isotherms of a-Fe2Os catalysts.
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Composition and properties of polymer composites

Polymer matrices can be divided into two main categories: thermosetting and thermoplastic.

Thermosetting materials: Once cured, these polymers form a three-dimensional, infusible network.
Examples include epoxy resins, unsaturated polyesters, and vinyl esters. When a hardener is added, or
upon exposure to heat or UV radiation, an irreversible chemical reaction occurs, often leading to
intermolecular crosslinking and the formation of a monolithic, rigid structure. This process is
irreversible after completion. Such materials typically exhibit higher stiffness, strength, and heat
resistance, but are difficult to reprocess [1].

Thermoplastics:In the field of polymeric materials, thermoplastics represent one of the most
important and widely used categories, including polypropylene (PP), polyamide (PA), and
polyethylene (PE). Thermoplastics exhibit high impact resistance while also being easily recyclable.
Thermoplastics are distinguished from other polymeric materials in several aspects, as they can soften
at moderately high temperatures and return to their original state upon cooling. This thermoplastic
property has increased the utilization of thermoplastics in various industries, including automotive,
electronics, packaging, and medical applications.

The choice of matrix depends on the end application. For example, thermosetting epoxy
composites are often used in the aerospace industry, while long-fiber-reinforced thermoplastics are
increasingly employed in the automotive industry. Table 2 provides a general comparison of the
properties of thermosetting and thermoplastic composites [12].

Table 2. Comparison of general properties of thermosetting and thermoplastic polymers.

Property Thermosetting plastics (thermosets) Thermoplastics
Structure Stitched (3D mesh) Linear or branched
Recycling Impossible Possible several times
Thermal stability They doo not melt and decompose at Melts when heated (80-250°C)

200-300°C.

Mechanical strength High Moderate
Flexibility Low High
Chemical resistance High Average

Types of reinforcement and their influence on mechanical properties

Synthetic fiber reinforcement (1-D)- Fibers are the most common and effective reinforcement for
achieving high strength and stiffness, they include natural and synthetic fibers.

Synthetic fibers are engineered for specialized high-performance applications, their primary role is
to reinforce a polymer matrix (e.g., epoxy or polyester) and produce composite materials with strength
and stiffness significantly superior to those of conventional materials. These fibers bear the applied
load, while the matrix holds them in place and distributes stress among them. Glass fibers (E-glass,
S-glass), carbon fibers, and aramid fibers (Kevlar, Twaron) provide very high strength and elastic
modulus.

Natural fibers such as jute, flax, hemp, and bamboo are attractive due to their good
biodegradability, light weight, and low cost. However, they have lower strength and heat resistance
than synthetic fibers, and their moisture absorption is problematic. The processes of weaving and
forming reinforcing fibers are shown in Fig. 5 [13].
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Fig. 5. Various fiber weaving and forming processes for use in polymer matrix composites. a)
continuous (long) fibers, b) short (chopped) fibers, c) fabric.

The selection of fiber type is one of the most important design parameters for polymer composites.
Each fiber type has a unique set of mechanical and physical properties that directly affect the
composite’s final performance. Key selection criteria include tensile strength, elastic modulus, density,
and thermal stability. Table 3 presents relevant properties of several common reinforcing fibers [14].

Table 3. Comparison of mechanical properties of some common reinforcing fibers.

Fiber type Density Tensile Tensile modulus . c
(g/cm3) | strength (MPa) | of elasticity (GPa) | ©OPerating temperature range ¢’
Glass (E-glass) 25-26 2000 - 3500 70-75 Up to ~380
Carbon (Standard) | 1.7 - 1.9 3000 - 4000 200 - 250 Up to ~500 (in vacuum)
Aramid (Kevlar 1.44 3000 - 3150 112 - 124 Up to ~250
49)
Flax 14-15 800 - 1500 60 - 80 -

As shown in table 3, glass and carbon fibers are the most widely used types in various industries
such as shipbuilding, aircraft manufacturing, automotive parts and sporting goods due to their low cost
and favorable balance of strength and stiffness.

Two-dimensional (2D) nanomaterials. Two-dimensional nanomaterials belong to a class of
advanced materials with thicknesses ranging from atomic to nanometer scale, but with larger
dimensions in the other two directions (from tens of nanometers to several micrometers). The very
high aspect ratio and unique layer structure distinguish them from other nanomaterials. The strong
interactions and very large surface area of the nanosheets with the polymer matrix provide a very
effective reinforcement mechanism that leads to improved mechanical and thermal properties at very
low concentrations (even less than1% wt) [15].

2D nanomaterials, with their unique combination of high aspect ratios, exceptional properties, and
performance at low concentrations, constitute a new generation of high-performance polymer
composites. Their ability to simultaneously improve multiple properties (mechanical, thermal, barrier,
and electrical) makes them an ideal choice for modern applications in the aerospace, electronics,
packaging, and energy industries. These include the following:

- Graphene and graphene oxide (GO). They exhibit very high mechanical strength of about (~130
GPa) and thermal conductivity (.50 w/m « k)-

- Clay nanosheets, such as montmorillonite, are used to improve the barrier properties, flame
retardancy, and mechanical properties of composites;

MXenes (pronounced mxenes) are a class of two-dimensional nanomaterials made of transition
metal carbides, nitrides, and carbonitrides. They were discovered in 2011 by Yuri Gogotsi and Michel
Barsoum.
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Structure
- MXenes consist of layers of transition metals and X-elements, separated by a termination layer.
The general formula of these compounds is M, + XuTo where:
M — is the transition metal;
X —1is C, N, and sometimes O;
T — is the termination layer (surface ends) and can consist of g, o, F, or 1.

Reinforcing materials based on ferrocene and its compounds
Ferrocene is an orange crystalline organometallic compound with the formula re(c.H.),, in Which

an iron atom is centrally positioned between two aromatic rings (cyclopentadienyl), as shown in Fig.
6.
The distinctive structure of ferrocene consists of a central iron (Fe) atom sandwiched between two

parallel planar cyclopentadienyl rings (C:H:), forming strong bonds between the iron atom and the

carbon atoms of the cyclopentadienyl rings. This creates a stable, symmetrical and aromatic sandwich-
like arrangement. This unique structure, known as a metallocene, imparts remarkable stability and
reactivity to ferrocene, making it a cornerstone of organometallic chemistry with diverse applications
and significantly rendering it a highly attractive reinforcing material for polymer composites.

The aromatic rings of ferrocene can enter into strong n-r interactions with other aromatic moieties
in the composite, such as graphene, carbon nanotubes, or even benzene rings in the polymer chains.
These non-covalent physical interactions provide a secondary and highly effective bonding
mechanism that enhances the structural stability of the composite [16].

Fig. 6. Sandwich structure of the ferrocene molecule Fe(CsHs)..

The use of ferrocene based reinforcing materials provides significant thermal stability to the
composite (up to approximately 400°C) due to the organometallic ferrocene rings. Cyclopentadienyl

fragments are easily chemically modified to accommodate various functional groups. This enhances
ferrocene's compatibility with various types of polymer matrices (hydrophobic or hydrophilic) and
significantly improves interfacial adhesion. For example, an amino group (g, can be introduced to

improve interaction with an epoxy matrix.
Ferrocene derivatives can act as fire retardants the iron in ferrocene promotes the formation of a
carbon layer on the surface of the burning polymer, which acts as a thermal barrier and prevents the

escape of flammable gases, the addition of only Sopwt polyferrocene nanoparticles (a ferrocene-based

polymer) to epoxy resin resulted in a 40 % increase in fracture toughness and a 25% increase in
flexural strength compared to neat epoxy resin.

Another study by Korshak et al. (1987) on polyamide/ferrocene composites showed that these
compounds not only improve mechanical strength but also significantly enhance resistance to
thermal-oxidative degradation.
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Numerous experimental studies demonstrate the high potential of ferrocene-based reinforcing
additives for improving the properties of polymer composites. These improvements are not limited to
a specific polymer matrix or a single property but are achievable across various polymer systems over
a wide range of mechanical and thermal characteristics. Table 4 summarizes the effect of selected
ferrocene-based reinforcements on the properties of different polymer composites [17].

Table 4. Effect of certain ferrocene-based reinforcing materials on the mechanical properties of
polymer composites.

Polymermatrix Ferrocene AEEIE G Improving key properties
y amplifier type (weight %) P g Key prop
Epoxy resin Polyferrocene 3% +40% crack resistance,
Poxy y +25% bending strength
. Improved mechanical strength and
_50,
Polyamide ferrocene 1-5% oxidative thermal stability
Ferrocene derivatives Improved interface adhesion and tensile
Polystyrene : . 2%
with amino groups strength
Polyolefin Ferrocene oxide 4% Improved flr_e_protectlon properties and
nanoparticles thermal stability

Ferrocene-based reinforcing agents can improve the mechanical properties of various types of
polymer matrices, including thermoset resins (such as epoxy) and thermoplastics (such as polyamide,
polystyrene, and polyolefins). From the data presented in Table 4, the following conclusions can be
drawn.

The additives influence several properties, including not only mechanical properties (such as
strength and impact toughness) but also thermal properties (thermal stability) and even behavioral
properties (enhancing fire resistance). The improvement in mechanical properties is primarily
attributed to surface-active interactions at the interface (such as covalent bonds) and crack inhibition
mechanisms (such as crack bridging and deflection). Even the addition of small amounts (less than 5%
wt) of ferrocene-containing reinforcing additives can lead to a significant increase in the
physicochemical properties of composites, making their production economically viable while
preserving the fundamental properties of the polymer [18].

Therefore, ferrocene and its derivatives can be considered multifunctional and efficient additives
for the development of a new generation of polymer composites with improved functional
characteristics.

3. RESULTS AND DISCUSSION
Structural analysis by XR — The crystalline structure of the composites was investigated by X-ray

diffraction. Fig 7 shows the XRD patterns of pure polymer matrix and polymer/ferrocene composites
with different ferrocene concentrations.

Fig. 7. XRD patterns of (a) pure polymer matrix, (b) composite with 1 wt.% ferrocene, and (c)
composite with 3% wt. ferrocene.
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Morphological analysis by SEM

The dispersion state of ferrocene particles within the polymer matrix and the interfacial
morphology were investigated by SEM. Fig. 7 shows transmission electron microscopy (SEM) images
of cryogenically fractured surfaces of the pure polymer and ferrocene-reinforced composites. The
SEM images display (a) the pure polymer matrix (smooth surface), (b) the composite with 1% wt
ferrocene (partial dispersion), and (c) the composite with 3% wt ferrocene (homogeneous dispersion)
[19].

The pure polymer matrix (Fig. 7a) exhibits a relatively smooth and featureless fracture surface,
characteristic of brittle fracture. In contrast, the composites containing ferrocene show rougher
surfaces with visible particles within the matrix. At 1% wt ferrocene (Fig 7b), some particle
agglomeration is observed, indicating non-uniform dispersion. However, at 3% wt ferrocene (Fig 7c),
the particles are uniformly distributed throughout the matrix with no significant agglomeration, and
the particles are well-embedded with good interfacial contact. This homogeneous dispersion is crucial
for effective load transfer from the matrix to the reinforcing particles [20].

Surface Area and Porosity Analysis by BET
Table 5 presents the BET surface area and pore characteristics of the polymer-ferrocene
composites.

The pure polymer exhibits a relatively low surface area of  , m’ /g Upon the addition of ferrocene,

the surface area increases, reaching a maximum of 6.8 m2/g at a ferrocene content of 54, (.4 this

increase can be attributed to the creation of additional interfacial area between the polymer matrix and
the ferrocene particles. The slight decrease in surface area at 5% wt ferrocene may be due to particle
agglomeration, which reduces the effective surface area available for interaction. Meanwhile, the
average pore diameter decreases slightly, suggesting that the ferrocene particles either occupy larger
pores or create new, smaller pores at the interface [21].

Table 5. BET surface area and pore characteristics of polymer/ferrocene composites.

Sample Surface area (m?/g) Average pore diameter (nm) | Pore volume (cm?/g)
Pure polymer 52+0.3 125+0.5 0.032 + 0.002
+1% Ferrocene 58+04 11.8+04 0.038 + 0.003
+3% Ferrocene 6.8+0.5 10.2+0.3 0.045 + 0.003
+5% Ferrocene 6.5+04 105+ 04 0.042 + 0.002

The pure polymer exhibits a relatively low surface area of ., . 45 UPON addition of ferrocene, the
surface area increases, reaching a maximum , ¢ ¢ g,2,9 at 3% wt ferrocene content. This increase can

be attributed to the creation of additional interfacial area between the polymer matrix and ferrocene
particles. The slight decrease in surface area at 5% wt ferrocene may be due to particle agglomeration,
which reduces the effective surface area available for interaction. The pore volume follows a similar
trend, while the average pore diameter decreases slightly, suggesting that ferrocene particles occupy
larger pores or create new smaller pores at the interface [22].

XPS Analysis: Chemical Interactions at the Interface

X-ray photoelectron spectroscopy (XPS) was employed to investigate the chemical interactions
between ferrocene and the polymer matrix. Fig 9 shows the XPS survey spectra and high-resolution Fe
2p and O 1s spectra for the composite with 3% wt ferrocene. The survey spectrum in Figure 9a
confirms the presence of elements C, O, and Fe. The high-resolution Fe 2p spectrum in Fig 9b exhibits

two main peaks at 710.9 eV (Fe 2ps/:) and 724.4 eV (Fe 2ps:/.), characteristic of Fe** in ferrocene
[23].

10
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Optical properties and band Gap analysis

The optical properties of the composites were investigated by UV-Vis diffuse reflectance
spectroscopy, fig 8a shows the UV-Vis spectra of pure polymer and ferrocene-reinforced composites,
while Fig. 8b presents the corresponding Tauc plots for band gap determination.

a) b)
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Fig. 8. UV-Vis diffuse reflectance spectra of pure polymer and polymer/ferrocene composites and (b)
(Ahv)* vs hv plots for band gap calculation.

Table 6. Band gap values (Eg) and catalytic results of a-Fe,O3 on the thermal decomposition of AP.

Compound Tendo/°C RSD Texo/°C RSD EgleV
AP 242.50 0.28% 439.76 0.21% —
a-nFe;03/AP 242.59 0.08% 341.34 0.47% 1.97
o->*Fe;,0s/AP 243.36 0.11% 341.98 0.32% 1.87
0-*Fe,0s/AP 243.20 0.15% 346.25 0.32% 1.73
a-8Fe,03/AP 243.95 0.11% 344.34 0.16% 1.86

The pure polymer exhibits an absorption edge at approximately 350 nm, corresponding to a band
gap of about 3.54 eV. Upon the addition of ferrocene, the absorption edge shifts to longer wavelengths
(red shift), indicating a reduction in the band gap. The calculated band gap values, obtained from Tauc
plots, are summarized in table 6.

The flexural strength of the composites, measured by three-point bending test, is presented in Table
7, the flexural strength follows a similar trend to tensile properties, with maximum value achieved at
3% wt ferrocene content [24].

Table 7. Summary of mechanical properties of polymer/ferrocene composites.

Sample Tensile strength | Elastic modulus Elongation at Flexural strength
(MPa) (GPa) break (%) (MPa)
Pure polymer 56.0+2.1 18+0.1 52+0.3 85.0+£3.0
+1%Ferrocene 68.5+25 21+0.1 48+0.2 98.0+35
+3%Ferrocene 78.0+28 25+0.2 41+0.2 112.0+4.0
+5%Ferrocene 75.0+3.0 24+0.2 3503 108.0 + 4.0

The improvement in mechanical properties can be attributed to several factors, first the uniform
dispersion of ferrocene particles within the polymer matrix, ensures effective load transfer from the
matrix to the rigid ferrocene particles. Second the strong interfacial adhesion between ferrocene and
the polymer matrix, facilitated by m-m interactions between the aromatic rings of ferrocene and
aromatic groups in the polymer chain (if present), enhances stress transfer efficiency. Third the
crystalline nature of ferrocene, as confirmed by XRD, contributes to the overall stiffness of the
composite [25].
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Fig. 9. representation of the proposed reinforcement mechanism: (a) pure polymer matrix with chain
entanglements, (b) incorporation of ferrocene particles showing n-n interactions with polymer chains,
and (c) load transfer mechanism under tensile stress.

As illustrated in Fig. 9 ferrocene particles act as physical crosslinking points within the polymer
matrix. Under applied stress these particles hinder polymer chain mobility and deflect crack
propagation, leading to increased strength and modulus. The slight reduction in elongation at break
indicates that the material becomes more rigid and less ductile upon ferrocene addition.

The decrease in properties at 5% wt ferrocene content is likely due to particle agglomeration at
higher concentrations, which creates stress concentration points and weakens the composite structure.
This finding highlights the importance of optimizing the reinforcement content for maximum
performance [26].

Hybrid composites

Hybrid composites are a class of multifunctional materials used for creating modern structural
elements. Their primary application is when a combination of several characteristics is required, such
as high mechanical strength and electrical or thermal conductivity. These composites are fabricated
using two main methods: either one type of reinforcing material is introduced into a polymer matrix,
or a specific polymer matrix is reinforced with several types of reinforcing materials [27].

The goal of developing these materials is the intelligent combination of two or more different
reinforcements to leverage the advantages of each while simultaneously compensating for their
drawbacks, ultimately achieving an optimal balance of physical and mechanical properties. In a hybrid
composite, glass fiber can provide overall strength and the primary framework, while ferrocene
nanoparticles improve the interfacial adhesion between the fibers and the matrix, leading to increased
fracture toughness.

Fig. 10 shows a schematic view of the structure of a hybrid composite, as can be seen, macro- (
carbon/glass fibers) and nano- (nanoparticles, carbon nanotubes/graphene sheets) reinforcing additives
are simultaneously dispersed within the polymer matrix. This hybrid structure, by creating a synergy
between reinforcement mechanisms at different scales, leads to a simultaneous improvement in
mechanical, thermal, and electrical properties [28].
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Fig. 10. Schematic representation of a hybrid composite structure.

Fig. 11. Shows an edge view of the same specimen after it was subjected to low-velocity impact,
showing various types of damage such as matrix cracking, fiber delamination.

Top Surface

' <

i Bottim Surface

Fig. 11. Schematic diagram (edge view) of a sample subjected to low-velocity impact with highlighted
damage types.

For non-destructive testing and the detection of such internal damage, the terahertz (THz) testing
method is used. Fig. 11 presents the results of this assessment, including the expected reflected
terahertz waveforms in an undamaged area (a) and in an area with delamination (b). A comparison of
these two waveforms allows for the precise detection and localization of the damaged area. In this
testing method, a photoconductive antenna is used to generate short terahertz pulses. This emitter
utilizes the photoconductive effect in a semiconductor to convert incoming laser beams into terahertz
pulses. The signals reflected from the sample are then received by a terahertz detector. By analyzing
the changes in the amplitude, phase, and time delay of these signals relative to a reference signal,
accurate information can be obtained about the depth, size and nature of internal damage, including
delamination and cracks [29].
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Fig. 12. Calculated forms of reflected terahertz waves in an undamaged area (a) and in a delamination
area (b).

In this schematic structure, macrofibers act as the primary load-bearing scaffold, while nanofillers
significantly increase the strength and modulus of the composite by filling the spaces between the
fibers and improving fiber-matrix bonding. Evaluating the behavior of these advanced composites
under load, including their resistance to impact damage is important.

Other commonly used hybrid combinations include:

- Graphene/ferrocene derivatives: Ferrocene derivatives can act as coupling agents between
inert graphene sheets and the polymer matrix, improving the uniform dispersion of graphene and
leading to Graphene/ferrocene derivatives: Ferrocene derivatives can act as coupling agents between
inert graphene sheets and the polymer matrix, improving the uniform dispersion of graphene and
leading to enhanced mechanical and electrical properties.

- Natural fibers/ferrocene derivatives: Ferrocene derivatives significantly reduce the moisture
absorption of hydrophilic natural fibers by forming a hydrophobic layer on their surface. This
increases the stability and substantially extends the strength and service life of the composite in humid
environments [30].

Important mechanical parameters and testing of polymer composites.

Mechanical research and testing are crucial for determining the performance parameters, range, and
capabilities of composites. ldentifying these properties and characteristics is essential for
understanding the required specifications, deformation, and various failure modes of this class of
materials, as this directly impacts the design of final products and their applications. Developing the
necessary mechanical tests to understand the behavior of these materials under load and their failure
ensures that the component will perform adequately in specific industrial conditions [31].

Typical mechanical tests for polymer composites include:

1. Uniaxial tensile test (ASTM D638) — A composite specimen of specified dimensions and shape
is placed in a tensile testing machine, and a stress—strain curve is recorded, describing the material’s
behavior under tension until failure. Yield strength, tensile strength, toughness, and elastic modulus
are determined.

2. Three-point bending test (ASTM D790) — Composites and thermoplastic materials are subjected
to bending loads; their surfaces and edges experience tensile or compressive stresses depending on the
direction of load application. For most polymer composites, compressive strength in this test is lower
than tensile strength, and specimens fail more rapidly on the compression side. This failure is caused
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by the formation of microkinks on the compressed surface and is related to the properties of the
reinforcing materials [32].

3. Four-point bending test (ASTM D6272) — This test determines the flexural modulus under
bending, torsion, and twisting stresses. It is similar to the three-point bending test, except that four
support points are used instead of three, and the load is applied through two points. This results in a
more uniform stress distribution, making it more suitable for brittle materials. Another key difference
is the absence of shear stresses within the specimen [33].

4. Poisson’s ratio test (ASTM D3039) — An important parameter used in structural design that
allows assessment of dimensional changes under applied stress and the occurrence of deformations.
This test evaluates deformations occurring in directions perpendicular to the applied load.

5. Flat compression test (ASTM C365) — Determines the compressive strength of components used
as sandwich structures in construction.

6. Combined loading compression test (ASTM D6641) — Used to study the stiffness and strength
of a specimen. The test involves subjecting the specimen to both shear stress and compressive load.

7. Fatigue test (ASTM D7791) - Describes the fatigue behavior of plastics under uniaxial loading.
Surface conditions, stresses, and other specimen characteristics influence the fatigue strength of
plastics and their reinforcing elements when subjected to a large number of loading cycles [34].

Mechanical properties of composites depending on the type of reinforcement used

Fiber-reinforced polymer composites. In recent years, fiber-reinforced composites have gained
widespread recognition due to their low weight, affordable cost, and excellent mechanical properties
and strength. Researchers have conducted numerous research projects on these materials. Numerous
studies have examined the mechanical properties of fiber-reinforced composites as a function of the
amount of carbon fiber added to the matrix, as well as the size, diameter, and shape of the fibers added
to the matrix phase.

One study examined the effect of adding carbon fibers on the mechanical and electrical properties
of polypropylene-based composites. Composite samples with varying fiber contents (5, 10, and
15% wt) were fabricated and tested for tensile strength, tensile modulus, and impact toughness.
Analysis of the results showed that increasing the reinforcement content led to an increase in all of the
aforementioned mechanical properties. The best result was obtained for the sample containing 15% wt
carbon fibers, which exhibited a tensile strength of 98 MPa and a tensile modulus of 4.14 GPa.

The addition of natural pineapple fibers to polyester-based composites was also studied.
Mechanical testing of the prepared samples showed that increasing the fiber content significantly
increased compressive, flexural, and tensile strengths. Detailed data are presented in table 8 [35].

Table 8. Investigation of mechanical properties of some fiber-reinforced polymer composite materials.

. . Strain Tensile strength | Young's modulus

Composite Density(g/cm) increase(%) (MPa) g %GPa)
Epoxy +40% Sisal fibers - - 56 -
Polyamide + 20-30% carbon fiber 1.38-1.68 0.8-5.5 36.5-241 4.5-29
Polypropylene + 20% glass fibers 1.03 43 100 4.3
Polypropylene + 40% glass fibers 1.22 2 127 7.6
Polypropylene + 30% carbon fiber 1.07 1 117 16.2
Polypropylene + 30% linen fibers - - 58.5 4.1
Vinyl ester + carbon fiber 1.50-1.65 14 900-1200 1.36
Vinyl ester + 24% linen fiber - - 248 24
Vinyl ester + 59% glass fiber - - 483 33
Vinyl ester + Kevlar fiber 1.35 - 500 40
E_poxy + Kevlar + 20% Hemp 1.46 i 95 )
fibers
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Reinforcement mechanisms and structure-property relationships

The experimental results presented in this review demonstrate that ferrocene-based reinforcements
significantly enhance the mechanical properties of polymer composites through multiple mechanisms.
The uniform dispersion of ferrocene particles, confirmed by SEM and BET analysis, ensures efficient
stress transfer from the polymer matrix to the rigid ferrocene domains. The strong interfacial adhesion,
evidenced by XPS and FTIR, facilitates load transfer through chemical interactions (n-n stacking) and
physical interlocking.

The crystalline structure of ferrocene, confirmed by XRD, contributes to the overall stiffness of the
composite, as crystalline domains typically have higher modulus than amorphous polymer regions.
The reduction in optical band gap upon ferrocene addition suggests the formation of charge-transfer
complexes, which may also influence mechanical behavior by altering the electronic structure of the
matrix.

The optimal reinforcement content (3 wt% in this case) represents a balance between the benefits
of uniform dispersion and the drawbacks of agglomeration at higher loadings. At 5% wt ferrocene,
particle agglomeration creates stress concentration points that initiate failure, leading to reduced
mechanical properties. This trend is consistent with observations in other nanoparticle-reinforced
systems [36].

Comparative Analysis with Iron Oxide Nanostructures:

On a-Fe:0s catalysts provides valuable insights into the structure-property relationships of iron-
based materials. Although their study focused on catalytic activity rather than mechanical
reinforcement, several parallels can be drawn:

1. Crystalline Structure: Both ferrocene and a-Fe.Os exhibit well-defined crystalline structures
(figure 1a vs. Reference Fig 1a), which is essential for effective load transfer in composites.

2. Surface Morphology: The rough surface morphology of iron oxide nanoparticles (reference Fig
1b) promotes mechanical interlocking with polymer matrices, a mechanism that also operates in
ferrocene-based composites (fig 1b).

3. Surface Area: The significantly higher surface area of iron oxide nanoparticles (Table 2)
suggests that incorporating such high-surface-area materials as hybrid reinforcements could further
enhance mechanical properties through improved interfacial interactions.

4. Chemical Bonding: The similar Fe 2p binding energies observed in both systems (fig 1e vs.
Reference Fig 1e) confirm the stability of iron-centered structures in polymer matrices.

5. Optical Properties: The lower band gap of iron oxides (fig 1d) compared to ferrocene
composites indicates different electronic structures, which may be exploited for multifunctional
applications requiring specific optical or electronic properties.

These comparisons highlight the potential for developing hybrid composite systems that combine
the unique organometallic properties of ferrocene with the high surface area and catalytic activity of
iron oxide nanoparticles. Such hybrid reinforcements could lead to composites with simultaneously
enhanced mechanical, thermal, and functional properties [37].

4. CONCLUSIONS

This review clearly demonstrates that polymer composites have established themselves as a
preferred choice in advanced industries due to their high strength to weight ratios and design
flexibility. The mechanical properties of these materials depend significantly on the type, dispersion
and content of the reinforcing phase. Therefore, various reinforcement types ranging from micro and
nanoparticles to fibers and two-dimensional nanomaterials have been investigated.

The results of this systematic review indicate that ferrocene compounds have emerged as
innovative and highly effective reinforcing nanomaterials owing to their unique sandwich structure,
high thermal stability, and ability to form strong -z interactions. These compounds can significantly
enhance the fracture toughness, flexural strength, and impact resistance of the final composite by
improving adhesion at the interface between the polymer matrix and other reinforcements (fibers or
graphene). Furthermore, the presence of metallic iron in their structure imparts flame-retardant
properties.
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Comprehensive characterization using XRD, SEM, BET, XPS, and UV-Vis DRS has provided
detailed insights into the structure-property relationships in ferrocene-reinforced composites. The
optimal reinforcement content of 3% wt achieves uniform dispersion, strong interfacial adhesion, and
enhanced mechanical properties, while higher loadings lead to agglomeration and property
degradation. The reduction in optical band gap upon ferrocene addition suggests potential for
multifunctional applications combining mechanical reinforcement with tailored optical properties.

A comparative analysis with iron oxide nanostructures reveals that iron-based reinforcements share
common characteristics such as crystalline structure, surface roughness and chemical stability, while
exhibiting distinct differences in surface area and electronic properties. This comparison opens new
avenues for developing hybrid composite systems that leverage the advantages of both organometallic
ferrocene and inorganic iron oxides.

Moreover, the development of hybrid composites through the judicious combination of multiple
reinforcing components is a key strategy for achieving an optimal balance of properties and
overcoming the limitations of single-component systems. In this context, ferrocene derivatives can act
as effective coupling agents, providing excellent mechanical performance and versatility.

In summary ferrocene-based reinforcing materials with their unique set of properties, possess high
potential for substantially improving the next generation of polymer composites and expanding their
application scope in sensitive and advanced industrial sectors.
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