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SUMMARY 
Synthesis and characterization of dental composite implants with zirconium-based reinforcements 

 

The development of advanced polymer-based composites for dental and biomedical applications 

requires a careful balance between mechanical performance, thermal stability, and biological 

compatibility. Polyetherimide (PEI), as a high-performance thermoplastic polymer, offers 

excellent thermal and chemical resistance, but its mechanical properties can be further enhanced 

through the incorporation of engineered ceramic reinforcements. In this doctoral thesis, two 

distinct reinforcement strategies were investigated: high-aspect-ratio zirconia (ZrO2) nanofibers 

and nanostructured BaZrO3/Y2O3/SrTiO3 hybrid ceramic particles. The research aimed to establish 

structure-property relationships by comparing the influence of reinforcement morphology, 

dispersion state, and interfacial interactions on the performance of PEI-based composites. Zirconia 

nanofibers were fabricated via electrospinning followed by calcination, and subsequently 

fragmented into whisker-like structures through ultrasonication to improve dispersion. 

BaZrO3/Y2O3/SrTiO3 particles were synthesized through mechanochemical processing, resulting 

in submicron agglomerates composed of nanoscale crystallites with defect-modified perovskite 

structure. Composite films were prepared using solution-based methods with controlled filler 

content, and their properties were evaluated using field-emission scanning electron microscopy 

(FESEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), differential 

scanning calorimetry (DSC), microindentation and nanoscratch testing, UV-vis spectroscopy, and 

in vitro cytotoxicity assays. The results demonstrate that reinforcement morphology plays a critical 

role in determining composite performance. ZrO2 whisker-like structures provided superior 

mechanical reinforcement, achieving hardness improvements exceeding 140% due to efficient 

stress transfer and high aspect ratio. BaZrO3/Y2O3/SrTiO3-reinforced composites also exhibited 

significant enhancements (up to ~83%), governed by particle dispersion and interfacial constraint 

effects. Both reinforcement systems increased the glass transition temperature, indicating 

restricted polymer chain mobility, although a saturation effect was observed at higher filler 

loadings. Microstructural analysis revealed that optimal performance is achieved when fillers are 

well dispersed, while excessive agglomeration reduces reinforcement efficiency. Optical 

transparency decreased with increasing filler content due to light scattering. Cytotoxicity 

evaluation showed a concentration-dependent response, with full recovery of cell viability upon 

dilution, confirming the cytocompatibility of the composites under realistic conditions. 

This thesis demonstrates that the properties of PEI-based composites are governed by a complex 

interplay between reinforcement morphology, dispersion quality and interfacial interactions. The 

comparative analysis of nanofiber and hybrid nanoparticle systems provides valuable insight into 

the design of multifunctional polymer composites, contributing to the development of next-

generation materials for dental and biomedical applications. 
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REZIME  

Sinteza i karakterizacija dentalnih kompozitnih implantata sa ojačanjima na bazi 

cirkonijuma 

 

Razvoj naprednih polimernih kompozita za stomatološke i biomedicinske primene zahteva 

pažljivo usklađivanje mehaničkih svojstava, termičke stabilnosti i biološke kompatibilnosti. 

Polieterimid (PEI), kao termoplastični polimer visokih performansi, poseduje izuzetnu termičku i 

hemijsku otpornost, ali se njegova mehanička svojstva mogu dodatno unaprediti uvođenjem 

inženjerski dizajniranih keramičkih ojačanja. U okviru ove doktorske disertacije istražene su dve 

različite strategije ojačanja: nanovlakna cirkonijum-dioksida (ZrO2) sa visokim odnosom dužine i 

prečnika, i nanostrukturisane hibridne keramičke čestice BaZrO3/Y2O3/SrTiO3. Cilj istraživanja 

bio je uspostavljanje odnosa struktura-svojstva kroz poređenje uticaja morfologije ojačanja, stanja 

disperzije i međufaznih interakcija na performanse kompozita na bazi PEI. Nanovlakna 

cirkonijuma dobijena su tehnikom elektropredenja, nakon čega su kalcinisana, a zatim 

fragmentisana u strukture nalik viskerima ultrazvučnom obradom radi poboljšanja disperzije. 

Čestice BaZrO3/Y2O3/SrTiO3 sintetisane su mehanokemijskom obradom, pri čemu su formirani 

submikronski aglomerati sastavljeni od nanokristalita sa perovskitnom strukturom modifikovanom 

defektima. Kompozitni filmovi pripremljeni su metodama iz rastvora sa kontrolisanim sadržajem 

punila, a njihova svojstva ispitivana su pomoću skenirajuće elektronske mikroskopije sa iz 

emisijom polja (FESEM), rendgenske difrakcije (XRD), infracrvene spektroskopije sa Furijeovom 

transformacijom (FTIR), diferencijalne skenirajuće kalorimetrije (DSC), mikroindentacije i 

nanoscratch testova, UV-vis spektroskopije, kao i in vitro citotoksičnih ispitivanja. Rezultati 

pokazuju da morfologija ojačanja ima ključnu ulogu u određivanju performansi kompozita. 

Strukture nalik viskerima na bazi ZrO2 obezbedile su superiorno mehaničko ojačanje, sa 

povećanjem tvrdoće većim od 140%, zahvaljujući efikasnom prenosu naprezanja i visokom 

odnosu dužine i prečnika. Kompoziti ojačani BaZrO3/Y2O3/SrTiO3 česticama takođe su pokazali 

značajna poboljšanja (do ~83%), pri čemu su dominantni faktori bili disperzija čestica i efekti 

međufaznog ograničenja pokretljivosti lanaca. Oba sistema ojačanja dovela su do povećanja 

temperature staklastog prelaza, što ukazuje na smanjenu pokretljivost polimernih lanaca, pri čemu 

je uočen efekat zasićenja pri većim udelima ojačanja. Mikrostrukturna analiza pokazala je da se 

optimalne performanse postižu pri dobroj disperziji ojačanja, dok prekomerna aglomeracija 

njihovu smanjuje efikasnost. Optička transparentnost opada sa povećanjem sadržaja punila usled 

rasipanja svetlosti. Ispitivanja citotoksičnosti pokazala su zavisnost od koncentracije, uz potpuni 

oporavak vijabilnosti ćelija nakon razblaženja, čime je potvrđena citokompatibilnost kompozita u 

realnim uslovima. 

Ova disertacija pokazuje da su svojstva kompozita na bazi PEI određena složenom 

međuzavisnošću morfologije ojačanja, kvaliteta disperzije i međufaznih interakcija. Komparativna 

analiza sistema zasnovanih na nanovlaknima i hibridnim nanočesticama pruža značajan uvid u 

projektovanje multifunkcionalnih polimernih kompozita, doprinoseći razvoju materijala nove 

generacije za stomatološke i biomedicinske primene. 

 

Ključne reči: PEI, nanočestice, keramička nanovlakna, mehanička svojstva 
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1. INTRODUCTION 

 

Dental composite implants represent an important field within dental research and 

development [1]. Zirconia nanofibers have garnered considerable interest as a reinforcement 

material for these implants, owing to their remarkable mechanical properties and 

biocompatibility. This research focuses on developing and analyzing dental composite 

implants reinforced with zirconia nanofibers, aiming to improve their mechanical strength and 

longevity, while ensuring they meet key biocompatibility criteria for effective use in the oral 

environment. The synthesis process entails integrating zirconia nanofibers into the dental 

composite matrix using sophisticated techniques to achieve uniform dispersion and optimal 

interfacial bonding. Subsequent comprehensive characterization assesses the mechanical, 

chemical, and biological attributes of the reinforced implants. The findings from this research 

hold significant potential for advancing dental implant materials, thereby improving clinical 

outcomes and patient satisfaction. This thesis explores the principal methods and experimental 

procedures employed for synthesizing zirconia-reinforced dental composite implants, offering 

insights into the intricate processes involved in optimizing composition and structural integrity. 

In contemporary dentistry, dental implants are essential for replacing lost teeth and regaining 

both function and aesthetics in the mouth [2]. But a major factor in their success is the materials 

used in their construction. Due to the strength, durability, and biocompatibility limits of 

traditional dental implant materials, research into substitute materials and manufacturing 

techniques has been spurred [3]. Zirconia nanofibers have emerged as a promising 

reinforcement material for dental composites due to their outstanding mechanical properties, 

including high strength and toughness, alongside their essential biocompatibility for long-term 

implant viability. Integrating zirconia nanofibers into the dental composite matrix presents an 

opportunity to augment load-bearing capacity and resilience while ensuring compatibility with 

surrounding oral tissues. This study aims to address the existing challenges in dental implant 

materials by focusing on the synthesis and characterization of zirconia-reinforced dental 

composite implants. By systematically exploring the synthesis process and evaluating the 

properties of the resulting implants, this research seeks to contribute to the advancement of 

dental implant technology, ultimately benefiting both dental practitioners and patients. The 

process of creating zirconia-reinforced dental composite implants involves a number of 

complex steps that require close supervision of the placement and alignment of nanofibers in 

the composite matrix. In order to achieve the required mechanical performance and 

biocompatibility of the implants, it is essential to comprehend and optimise these processes. 

Beginning with the synthesis of zirconia nanofibers for reinforcement purposes, recent 

advancements in nanofabrication technologies have facilitated the production of zirconia 

nanofibers with exceptional mechanical properties and biocompatibility. These nanofibers can 

be synthesized using various techniques such as electrospinning or sol-gel methods, enabling 

precise control over fiber morphology and composition. Additionally, integrating these 

zirconia nanofibers into the dental composite matrix requires careful consideration of factors 

such as fiber dispersion, orientation and bonding with the matrix material. To address these 

challenges, researchers have proposed various approaches, including surface modification of 

zirconia nanofibers to enhance their compatibility with the composite matrix and optimize the 

fiber-matrix interface [1]. Furthermore, recent developments in materials science suggest that 

reinforcement based on a single ceramic phase may not be sufficient to fully optimize 

composite performance. Increasing attention has been directed toward hybrid and 

multicomponent oxide systems, which enable additional control over structural and interfacial 
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properties. Among these, perovskite-type oxides and rare-earth-modified ceramic systems are 

of particular interest due to their structural flexibility, defect tolerance, and ability to 

accommodate multiple cation substitutions. Hybrid oxide systems based on BaZrO3, Y2O3 and 

SrTiO3 combine several advantageous characteristics. BaZrO3 contributes chemical and 

structural stability, SrTiO3 introduces functional versatility associated with dielectric and 

lattice-responsive behavior, while Y2O3 plays a role in defect engineering and structural 

modification. When these oxides are subjected to mechanochemical processing, they form 

nanostructured ceramic agglomerates composed of nanoscale crystallites, resulting in a 

hierarchical morphology that differs significantly from conventional single-phase fillers. Such 

systems provide not only stiffness enhancement, but also improved interfacial interaction 

through defect-assisted mechanisms and increased surface activity. Despite these promising 

features, the incorporation of hybrid oxide systems into high-performance polymer matrices 

remains insufficiently explored. In particular, a systematic comparison between fiber-based 

reinforcement (high-aspect-ratio nanofibers) and particle-based hierarchical ceramic 

agglomerates within the same polymer system is largely absent in the literature. Understanding 

how reinforcement morphology and composition influence structure-property relationships is 

therefore essential for the rational design of next-generation composite materials. Accordingly, 

this thesis investigates two fundamentally different reinforcement strategies within a 

polyetherimide matrix: zirconia nanofibers, representing anisotropic, high-aspect-ratio 

reinforcement, and mechanochemically synthesized BaZrO3/Y2O3/SrTiO3 hybrid ceramic 

particles, representing hierarchical, defect-engineered reinforcement systems. By comparing 

these approaches, the present work aims to establish how reinforcement dimensionality, 

dispersion state, and interfacial interactions govern the thermal, mechanical, and functional 

behavior of polymer-based composites. Therefore, this thesis aims to provide important 

insights into designing and producing advanced composites specifically optimized for 

biomedical applications in addition to developing a novel dental implant material. 

The following important topics will be covered in this examination in order to meet thesis goal: 

➢ The process of creating zirconia nanofibers and incorporating them into the dental 

composite matrix. 

➢ Evaluating the mechanical properties and biocompatibility of dental composite 

implants enhanced with zirconia reinforcement. 

➢ Examining how zirconia-reinforced dental composite implants perform in comparison 

to current dental implant materials. 

➢ The synthesis of BaZrO3/Y2O3/SrTiO3 hybrid ceramic particles via mechanochemical 

processing and their incorporation into the dental composite matrix. 

➢ Evaluating the influence of BaZrO3/Y2O3/SrTiO3 nanoparticle reinforcement on the 

mechanical properties and biocompatibility of PEI-based dental composite systems. 

➢ Investigating the effect of hierarchical particle morphology, dispersion state, and 

interfacial interactions on the performance of BaZrO3/Y2O3/SrTiO3-reinforced 

composites in comparison to zirconia nanofiber-reinforced systems and conventional 

dental materials. 

A variety of characterization methods will be used to assess the mechanical characteristics and 

biocompatibility of dental composite implants reinforced with zirconia. In order to evaluate 

mechanical strength, stiffness, and toughness, these methods may include tensile testing, 

compression testing, and flexural testing. In addition, the microstructure of the implants will 

be examined using transmission and scanning electron microscopy to ascertain the placement 

and alignment of zirconia nanofibers inside the composite matrix. Furthermore, 

biocompatibility assessments, including cell adhesion studies and viability assays, will be 

carried out to evaluate the relationship between implant materials and living tissues [2]. 
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Furthermore, the potential clinical applications and advantages of zirconia-reinforced dental 

composite implants will be evaluated. This assessment will involve considering factors such as 

implant stability and longevity, aesthetic appearance, and ability to promote osseointegration 

while preventing bacterial colonization. Achieving effective synthesis and characterization of 

dental composite implants with nanofiber and nanoparticles reinforcement requires precise 

control of morphology and surface properties. This entails utilizing techniques like 

electrospinning or sol-gel methods to produce nanofibers with desired properties. Moreover, 

achieving uniform dispersion of zirconia nanofibers throughout the composite matrix is 

essential for maximizing both mechanical strength and biocompatibility. Thorough 

characterization of the resulting implants is essential to assess their mechanical properties, 

biocompatibility and potential application. 

The Theoretical part provides literature background necessary for understanding the 

experimental work. It introduces the structure and function of dental materials, discusses the 

limitations of conventional systems, and presents the principles of polymer composites with 

emphasis on reinforcement mechanisms. Particular attention is given to zirconia-based 

nanofibers and hybrid oxide systems, including their synthesis, structural characteristics, and 

potential role in polymer reinforcement. 

The Experimental chapter describes the materials, synthesis procedures, and composite 

fabrication methods used in this study. Zirconia nanofibers are produced via electrospinning 

and subsequent calcination, while BaZrO3/Y2O3/SrTiO3 particles are obtained through 

mechanochemical processing. Composite films are prepared using solution-based techniques, 

and the influence of reinforcement type and content on material behavior is systematically 

investigated. 

The Results and Discussion chapter presents a comprehensive analysis of the obtained 

materials, focusing on structure-property relationships. Morphological characterization is 

performed using electron microscopy, structural properties are evaluated by X-ray diffraction 

and infrared spectroscopy, thermal behavior is analyzed using differential scanning 

calorimetry, and mechanical performance is assessed through microindentation techniques. 

Optical and biological properties are also examined to provide a complete evaluation of 

material performance. 

The Conclusion summarizes the main findings of the thesis, identifies the most effective 

reinforcement strategies, and highlights the implications of the results for the design of 

advanced polymer composites. Future research directions are also proposed, particularly in 

relation to improving dispersion control, optimizing interfacial interactions, and extending the 

application of hybrid ceramic systems in biomedical and dental materials. 
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2.1. Composite materials  

 

Materials are the foundation of all manufacturing industries; they include a wide variety 

of materials such as alloys, composites, and pure metals. Composite materials have become the 

preferable option, as pure metals are limited in their ability to match modern product 

requirements [3]. Because of their promising properties, including high specific resistance, 

strong damping capacity, and enhanced specific modulus, these materials are widely used in 

both conventional and non-traditional production techniques. Fibers were initially used as 

reinforcement in the 1940s, which is when composite materials were first developed [4]. Since 

then, there has been a noticeable development in composite materials, which are distinguished 

by their multiphase nature and consist of two or more components with separate properties. 

Reinforcement and matrices are the basic building blocks of all composite materials, as seen in 

Figure 1. Composites are used in many different fields because of their lightweight 

characteristics, high strength-to-weight ratio, wear resistance, and capacity to support large 

loads [5]. 

 

 

Figure 1. Constituents of a composite. 

 

By mixing two or more components, new materials are created that have entirely different 

properties from the original ones. These novel materials are referred to as composites. 

Composite materials have become increasingly prevalent across numerous industries. In 

essence, composites consist of one or more continuous processes integrated into a single, 

coherent process. This integration makes it possible to manufacture materials with particular 

properties that can endure the rigorous requirements of modern applications. Composites are 

versatile and perform well in a variety of application scenarios, such as enhancing the structural 

integrity of aviation components, enabling complex medical implants, or providing strong yet 

lightweight solutions for the automobile industry. Composites enable the development of 

creative solutions that push the boundaries of engineering and design by utilizing the 

complimentary properties of their constituent materials. Composites play a critical role in 

shaping the technologies of the future, from improving patient outcomes in medical operations 

to maximizing aviation fuel efficiency [3]. 
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phase
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Reinforcement 

phase

Composite



6 

 

2.1.1. Classification of composite materials 

 

Composites are categorized according to a number of factors as shown in Figure 2. The 

matrix functions as a binder, holding the reinforcing material together, giving it shape, and 

protecting it from environmental and mechanical degradation. A general overview of 

composites categorized by matrix material: 

➢ Polymer Matrix Composites (PMCs) 

➢ Ceramic Matrix Composites (CMCs) 

➢ Metal Matrix Composites (MMCs) 

➢ Carbon Matrix Composites (CAMCs) 

Composites can be particle- or fiber-reinforced, depending on the type of reinforcement 

used. As a result, the shape of the scattered phase particles distinguishes the first two groups 

the most. Particulate particles are typically spherical in shape, but fiber-type particles have an 

irregular geometry but a higher length-to-diameter ratio, similar to natural fibers [6]. 

 

 
Figure 2. Classification according to their component parts [5] 

Polymer Matrix Composites (PMC) - are a large class of composite materials made up 

of a polymer resin matrix reinforced by fibers or other reinforcing elements. These composites 

are widely employed in a variety of industries due to their lightweight, high strength, and 

customizability. The polymer matrix binds the reinforcing elements, maintaining the 
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composite's shape and structural stability while shielding it from mechanical stress and 

environmental damage. 

There are various polymer matrices that can be used in composite materials. Thermoset 

matrix composites outnumber thermoplastic composites in terms of polymer matrix 

composition. Thermosets and thermoplastics may sound similar, but they have quite different 

characteristics and applications. Understanding performance differences can help to improve 

sourcing decisions and composite product design [7]. 

 

1) When thermoset resins are heated or given chemical additives, they become 

permanently cured. They cannot be melted or changed after they have set. The thermoset resins 

most often used are [7]: 

 

✓ Epoxy is well-renowned for its remarkable mechanical and adhesive properties. It is 

commonly found in cars, airplanes, and sports equipment. 

✓ Because of its exceptional mechanical properties and affordable price, polyester is a 

widely used material in the building, automotive, and marine industries. 

✓ When used in harsh environments, vinyl ester offers a greater chemical resistance over 

polyester and an excellent balance between cost and performance. 

 

2) Thermoplastic polymers differ from thermosetting materials in that they can be melted 

and reformed, offering benefits in recyclability and the ability to reshape the material. Notable 

examples include: 

 

✓ Polypropylene (PP): Renowned for its durability and flexibility. 

✓ Polyethylene (PE): Valued for its chemical resistance and wide range of applications. 

✓ Polyamide (Nylon): Known for its superior strength and resistance to high 

temperatures. 

 

Advanced materials known as Ceramic Matrix Composites (CMC) are made of high-

performance fibres bonded to a ceramic matrix. These composites are perfect for demanding 

applications in a range of sectors because of their exceptional mechanical, thermal, and chemical 

properties. 

CMCs are resistant to high temperatures and adverse environments because of their 

ceramic matrix, which guarantees structural integrity and thermal stability. The most widely 

used ceramic matrix components are [8]: 

✓ The exceptional heat conductivity, high strength, and resistance to oxidation and 

corrosion of silicon carbide (SiC) are well recognized. 

✓ High stiffness, electrical insulation, and resistance to wear and corrosion are 

well-known properties of alumina (Al2O3). 

✓ The properties of zirconia (ZrO2) include great hardness, resistance to heat 

shock, and biocompatibility is known for its high hardness, thermal shock 

resistance, and biocompatibility. 

Metal Matrix Composites (MMC) - are advanced materials made up of a metal matrix 

with reinforcing components like fibers, particles, or whiskers. These composites combine metal 

ductility and toughness with the reinforcing phase's high strength, stiffness, and wear resistance, 

resulting in improved mechanical and thermal qualities over traditional metals and alloys [9]. 
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2.1.2. Polymers in dental composites 

 

The inception of dental composites dates back to the mid-1950s, when formulations 

consisting of dual monomers and macro-sized silicate particles were introduced to enhance 

mechanical performance [10]. Subsequent breakthroughs in micro- and nano-manufacturing 

have enabled the synthesis of highly defined fillers with diverse morphologies, including rods, 

tubes, fibers, and hollow spheres, allowing for the development of multi-functional composite 

systems (Figure 3). To optimize the mechanical integrity of these materials, physical or 

chemical surface modifications are applied to the fillers, which improves their dispersion 

within the resin matrix and strengthens interfacial adhesion [11]. Over the last decade, there 

has been a growing emphasis on bioactive composites capable of facilitating the 

remineralization of early caries[12] and providing antibacterial functionality [13]. 

Consequently, a comprehensive understanding of each constituent’s properties is vital for 

establishing design and processing frameworks that elevate the overall quality of modern dental 

restorative materials. 

 

 
 

Figure 3. Dental Composite Types Grouped by Filler Particle Dimensions [14] 

 

Macro-filled composites, often referred to as traditional or conventional types, are 

characterized by inorganic filler particles with dimensions exceeding 1 μm. These fillers are 

generally integrated into a BisGMA/TEGDMA resin matrix at a volume concentration of 

approximately 55–65% to form a workable paste. Upon completion of chemical 

polymerization, these materials typically exhibit flexural strength values between 110 and 135 

MPa[15].  

The addition of these macro-fillers provides substantial improvements over unfilled 

acrylics, particularly regarding hardness, elastic modulus, and compressive strength; 

furthermore, they help mitigate thermal expansion and polymerization shrinkage [16]. Despite 

these benefits, larger filler sizes introduce several drawbacks. The interfacial tension between 

the resin and the filler can lead to crack propagation and particle loss, resulting in poor wear 
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resistance and a surface that is difficult to polish. Moreover, the inherent surface roughness of 

these composites often leads to premature staining and yellowing. Commonly utilized fillers 

for these applications include ground quartz, strontium, and barium-containing heavy metal 

glasses [17]. 

Micro-filled resin composites composites were developed to address the limitations of 

macro-filled systems, specifically focusing on the aesthetic demand for high polishability. 

These materials are characterized by the use of ultra-fine particles, such as amorphous spherical 

silica, which typically measure approximately 40 nm. While these fillers significantly alter 

polymer rheology by increasing viscosity, their high specific surface area restricts the 

maximum filler loading, leading to a higher resin-to-filler ratio. Consequently, when compared 

to their macro-filled counterparts, micro-filled composites exhibit increased water sorption, a 

higher coefficient of thermal expansion, and a diminished elastic modulus. Furthermore, they 

are characterized by lower stiffness, reduced fatigue strength, and inferior fracture resistance 

[18]. 

To mitigate these drawbacks, pre-polymerized fillers (PPRF) were introduced. These 

larger filler complexes consist of ground, cured composite containing various submicron 

particles, which effectively increases the overall filler volume fraction. The integration of 

PPRF improves the material's polishability and minimizes polymerization shrinkage relative to 

traditional formulations. However, a significant disadvantage of PPRF is the lack of active 

binding sites for surface coupling; this results in weakened interfacial bonding with the 

surrounding resin matrix, ultimately compromising the composite's mechanical integrity [19]. 

Hybrid resin composites utilize a combination of micro- and nano-fillers to integrate 

the advantages of both particle sizes. Developed to mitigate the finishing difficulties, 

mechanical weaknesses, and significant shrinkage characteristic of macro-filled systems [16], 

early hybrid formulations typically paired large particles (10–50 μm) with 40 nm colloidal 

silica. These "universal" composites bridge the gap between aesthetics and durability; the 

smaller fillers provide the optical translucency and polishability required for anterior 

restorations, while the larger particles ensure the mechanical strength necessary for posterior 

load-bearing fillings. Despite their versatility, hybrid composites generally do not achieve the 

same level of long-term surface quality or translucency as micro-filled resins [14]. 

Nanocomposites represent a more recent advancement, featuring filler particles ranging 

from 5 to 100 nm, often organized into larger "nanoclusters" alongside particles sized between 

0.6 and 1.4 μm [20]. These materials exhibit superior polishability, exceptional surface 

smoothness, and high translucency compared to traditional systems. The nanocluster 

architecture provides unique reinforcement, resulting in a significant increase in strength 

relative to micro-filled or standard nanohybrid systems. Consequently, nanocomposites are 

suitable for both aesthetic and high-stress applications, as they maintain the mechanical, 

physical, and wear-resistant attributes of hybrid composites [21]. 

The inclusion of fillers within the polymer matrix fundamentally enhances the tensile 

strength, elastic modulus, and fracture toughness of the material. Particle size is a critical factor 

influencing these mechanical properties, particularly fracture toughness. Fillers strengthen 

dental restoratives by obstructing crack propagation through several micromechanical 

processes, including crack deflection, crack bridging, matrix–filler interactions, and 

pinning/bowing mechanisms [22]. 

2.1.2.1. Methacrylate-Based Systems (PMMA, Bis-GMA, UDMA) 

 

Dental resin composites (DRCs) are sophisticated materials designed for dental 

restoration, combining an organic resin matrix, inorganic fillers, and a coupling agent. This trio 
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ensures the filler bonds well to the resin, enhancing the composite's overall properties. DRCs 

also include initiators to start the polymerization process, inhibitors to prevent unwanted side 

reactions, and pigments to match the natural color of teeth. Their development marks a 

significant advancement in restorative dentistry, offering benefits such as an alternative to 

traditional amalgam fillings, easier clinical application, less tooth structure removal, improved 

fracture toughness over dental ceramics, and excellent color matching capabilities. As a result, 

DRCs have become a widely adopted solution for fillings and repairs, embodying a blend of 

functionality and aesthetic appeal [16]. 

In order to get the perfect viscosity for appropriate clinical use, dental resin composites (DRCs) 

combine base and diluent monomers using a dynamic organic monomer system. Inhibitors 

(also known as stabilizers) are used in this system to prevent the monomers from oxidising in 

the presence of air, while photo-initiators are used to initiate the free radical polymerization 

process. Pre- and post-polymerization, the mechanical and physical properties of the 

composites depend on the particular monomers utilized and their proportionate balance. 

Bisphenol A glycidyl methacrylate (Bis-GMA), urethane dimethacrylate (UDMA), and 

ethoxylated bisphenol A dimethacrylate (Bis-EMA) are important monomers in DRC 

formulations, as shown in Figure 4.  
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Figure 4. Dental monomer molecular structures and photopolymerization kinetics [23] 

 

The mixture's viscosity is adjusted by adding cross-linking diluents including 

triethylene glycol dimethacrylate (TEGDMA), decanediol dimethacrylate (D3MA), and 2-

hydroxyethyl methacrylate (HEMA). These methacrylate monomers are distinguished by their 

alkene groups due to the presence of carbon-carbon double bonds (C=C), which are critical for 

accelerating cross-linking and chain polymerization. These reactive methacrylate groups can 

be polymerized by a cross-linking reaction that can be catalyzed by light or chemical catalysts, 
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as well as an initial chain-reaction polymerization phase. This complex process defines the 

mechanical and physical properties of the composite, such as its elasticity, shrinkage, fracture 

strength, and dimensional stability, all of which affect how long the dental repair lasts and 

functions [24]. 

For decades, polymerized methacrylate has been widely employed in the production of denture 

bases [25]. PMMA (poly(methyl methacrylate)), is a polymer used in a variety of sectors, 

including paper, paint, automobiles, and dentistry (the production of dentures and orthodontic 

appliances) [26,27]. PMMA polymer is produced using free radical polymerization, with little 

batch variance when compared to other natural or raw polymers [28]. PMMA has been 

employed in a wide range of applications due to its low manufacturing costs and ease of 

maintenance [29]. PMMA polymer is made from methyl methacrylate monomer, a liquid. To 

improve its physical qualities and appearance, the polymer has been mixed with a variety of 

additives, including colors and synthetic fibers [30].  

 

2.1.2.2. High-Performance Polymers in Dentistry - Polyetherimide (PEI) 

 

Polyetherimide (PEI) is recognized as a high‑performance material with broad 

applicability in contemporary engineering and industrial sectors. Its molecular framework is 

depicted in Figure 5. 

 

 
Figure 5. Simplified chemical structure of polyetherimide [31] 

 

Polyetherimide (PEI) is a high‑performance thermoplastic polymer distinguished by the 

incorporation of aromatic units, which strengthen its mechanical properties through imide 

groups (–CO–N–CO–) linked by ether bonds (–O–). The rigid aromatic segments embedded in 

the polymer backbone are largely responsible for its outstanding resistance to chemicals and 

its ability to withstand high temperatures. PEI is generally synthesized via a step‑growth 

polymerization reaction between bisphenol‑A dianhydride (BPADA) and diamine monomers, 

producing a highly stable and rigid polyamide structure. This molecular arrangement results in 

a notably high glass transition temperature, typically between 170 °C and 340 °C, while also 

ensuring excellent dimensional stability and electrical insulation. Owing to these properties, 

PEI is widely employed in advanced engineering applications that require superior thermal 

endurance, chemical resistance, and mechanical reliability [32]. 

PEI is acknowledged as a high‑performance thermoplastic because of its balanced 

combination of mechanical durability, thermal resistance, and chemical stability. It possesses 

strong tensile and impact properties, which allow it to maintain structural integrity under 

demanding environmental conditions. Withstanding temperatures of approximately 170 °C, 



13 

 

PEI is well suited for applications in high‑temperature settings. Its minimal moisture absorption 

and excellent electrical insulation further enhance its suitability for aerospace and electronic 

components, where dimensional precision and insulation are essential. Alongside its inherent 

flame‑retardant nature and chemical resilience, these qualities emphasize PEI’s importance in 

the production of advanced industrial and engineering materials [32]. In addition, its 

biocompatibility and ability to endure sterilization processes make PEI a valuable choice for 

medical devices, including surgical instruments, dental equipment, and housings for medical 

technologies [33]. 

 These materials demonstrate remarkable mechanical strength, ensuring stability under 

demanding loads. Their thermal endurance allows them to retain properties even at high 

operating temperatures. With inherent flame-retardant behavior, they provide enhanced safety 

in applications exposed to fire risks. Their electrical characteristics remain consistent across a 

broad range of frequencies and temperatures, making them suitable for advanced electronic 

uses. Additionally, they exhibit robust resistance to chemicals and environmental stressors, 

which guarantees long-term reliability [34]. 

PEI can be manufactured using several thermoplastic processing methods, each tailored 

to specific requirements. Injection molding transforms the resin into a viscous melt that is 

injected into molds, allowing the creation of complex and detailed geometries. Extrusion 

shapes the molten polymer into continuous profiles such as sheets, rods, or tubes by pushing it 

through a precision die. Compression molding relies on heat and pressure to form the resin into 

solid parts within a mold cavity. A critical step before any processing is drying the resin 

thoroughly, since residual moisture can compromise mechanical integrity and reduce 

uniformity in the final product. By applying these techniques, industries can reliably produce 

PEI components with exceptional resistance to heat, mechanical stress, and environmental 

challenges, ensuring their suitability for demanding engineering applications [32]. 

In conservative dentistry, composite resins were introduced to overcome the limitations 

of acrylic resins, which themselves had replaced silicate cements in the 1940s. Today, these 

resin-based restorative materials are considered essential in biomaterials research due to their 

ability to replicate the mechanical and aesthetic qualities of natural dental tissues. Their 

advantages include a natural tooth-like appearance, straightforward handling during clinical 

procedures, and resistance to dissolution in oral fluids. Continued innovation in this area 

requires a detailed understanding of the individual components of composite resins and a 

systematic approach to modifying them for improved performance [35]. To enhance their 

clinical utility, researchers have incorporated silver particles to provide antimicrobial 

protection and titanium particles to improve biocompatibility [36]. The antimicrobial effect can 

be achieved either through direct microbial contact or via controlled release of active agents 

[35]. Composites containing 1% (w/w) quaternary ammonium polyethylenimine (PEI) 

nanoparticles have been tested, demonstrating antibacterial activity primarily through leaching 

mechanisms. Importantly, the inclusion of PEI nanoparticles did not compromise the 

mechanical integrity of the composites, and the antimicrobial effect persisted for at least one 

month [37]. 

A variety of materials have been employed in restorative dentistry [38], and selecting 

the most appropriate option for each clinical scenario is critical. This decision should consider 

not only aesthetic outcomes but also mechanical performance, durability, and the material’s 

capacity to support functional rehabilitation [39]. To enhance the properties of restorative 

materials, innovations such as composite resins, fiber-reinforced resins, and polymer matrices 

reinforced with fibers have been introduced into the field of dental materials [40]. The 

mechanical behavior of these advanced materials often results from the synergistic interaction 

between the reinforcing fibers and the polymer matrix. Key factors influencing this 

performance include the volume fraction of incorporated fibers, the quality of the fiber–matrix 
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adhesion, and the diameter of the reinforcing fibersall of which significantly affect the overall 

properties of the final material [41]. 

Continuous carbon and glass fiber-reinforced polyetherimide (PEI) composites have 

been investigated as promising materials for the development of advanced bone prostheses. 

Additionally, PEI-based composites incorporating 4 wt. % of titanium dioxide nanoparticles 

have demonstrated antibacterial efficacy against both Gram-positive and Gram-negative 

bacterial strains. Over the past decade, PEI and PEI-based blend filaments, commercially 

known as ULTEM, have garnered increasing interest for additive manufacturing (AM) 

applications, signaling a significant shift toward their use in orthopedic innovations [42]. 

 

2.2. Ceramic Nanoparticles in dental composites  

Particle-reinforced composites are made up of short particles that are classified based 

on their average size. This classification is divided into two categories: big particle composites 

and dispersion-strengthened composites. Large particle composites, which typically contain 

millimeter-sized or bigger particles, serve as the principal load bearers. They efficiently limit 

matrix deformation around common surfaces and act as the principal strengthening mechanism. 

In contrast, dispersion-strengthened composites use nanometer-sized particles. In these 

composites, unlike large-particle, the majority of the load under mechanical stress is supported 

by the matrix. Strengthening occurs at the atomic level, when scattered particles hinder the 

propagation of dislocation lines through the matrix. 

A variety of inorganic fillers are used, including glass, quartz, and silica. Strontium, 

quartz, and barium glasses were once common fillers in composites [43]. However, glass 

particles have supplanted quartz because to their superior optical qualities, accessibility, and 

acceptable mechanical properties. However, the hardness of glass particles has been shown to 

induce substantial wear on antagonist teeth. Currently, composites commonly contain silicate 

particles generated from barium oxide, strontium oxide, zinc oxide, aluminum oxide, or 

zirconium oxide. These fillers typically make up 50-80% of the composite's weight, with 

particle sizes ranging from 5 nm to 85 μm [44]. Various filler-related parameters, including 

filler loading, size, shape, and particle distribution, have a substantial impact on composite 

physical and mechanical properties. Several investigations have found connections between 

filler parameters and mechanical qualities, higher radiopacity, improved aesthetics, and 

improved handling [14]. 

2.2.1. Conventional nanoparticles in dentistry 

 

The evolution of materials science has led to the development of nanocomposites, 

defined as multiphase solid materials where at least one, two, or three dimensions of the 

reinforcing phase are less than 100 nm. The integration of nanoparticles as reinforcement in 

polymer-based composite materials is a fundamental strategy for achieving superior 

mechanical, thermal, and functional properties that cannot be attained with traditional micro-

fillers. Unlike conventional composites, nanocomposites are distinguished by an exceptionally 

high surface-area-to-volume ratio and a vast interfacial area, which serve as the primary drivers 

of their superior performance [45,46]. 

The fundamental objective of engineering these materials is to synergize the intrinsic 

properties of diverse constituents, thereby creating unique nanomaterials with enhanced 

physical and chemical characteristics that surpass those of their individual components. Due to 
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this high surface-area-to-volume ratio, even low weight percentages of nanoparticles can 

significantly alter the overall performance of the composite [47]. This is primarily achieved by 

creating an extensive interphase region between the filler and the polymer matrix, which 

facilitates efficient load transfer and restricts polymer chain mobility. Consequently, these 

nano-scale interactions allow for the tailoring of specific material properties, such as increased 

stiffness, enhanced toughness, and improved thermal stability, essential for advanced industrial 

and biomedical applications [45,48]. 

The most common types of composites utilize microscopic or nanoscopic particles as 

reinforcements to enhance the base matrix (Figure 6). By integrating these fillers, 

manufacturers can significantly boost the material's overall strength and stiffness. As particle 

sizes are reduced to the nanoscale, the resulting composites exhibit superior properties that are 

not found in traditional materials. While nanoparticles are highly favored for large-scale 

industrial production due to their processing efficiency, they present a specific technical hurdle: 

their natural tendency to clump together. Because of intense attractive forces at the atomic 

level, achieving a perfectly uniform distribution (dispersion) within the matrix is critical to 

ensuring the high performance of the final product. Figure 8 shows a schematic illustration 

showing a composite structure reinforced with nanoparticles according to the literature [49]. 

 

 
 

Figure 6. A schematic illustration depicting a nanoparticle-reinforced composite structure 

 

Composite materials offer substantial functional advantages over traditional structural 

materials such as wood and metals, primarily due to their optimized strength-to-weight and 

stiffness-to-weight ratios. In high-performance applications, weight reduction is a critical 

factor; for instance, carbon-fiber-reinforced composites can exhibit five times the strength of 

1020-grade steel while constituting only 5 wt. %. Similarly, these systems can achieve up to 

seven times the strength and double the modulus of 6061-grade aluminum, despite the inherent 

lightness of the metallic alloy. These properties are instrumental in the aerospace, automotive, 

and energy sectors, where reduced mass directly correlates with improved acceleration, fuel 

efficiency, and, in the case of wind turbines, increased electricity generation capacity [45,50]. 
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While the primary focus of this dissertation involves the synthesis and characterization 

of zirconium dioxide (ZrO2) nanofibers, a broader analysis of other ceramic oxide systems is 

necessary to understand the synergistic effects of multi-component reinforcement in complex 

physiological environments: 

• Zirconium Dioxide (ZrO2): Nano-zirconia is distinguished by its high fracture 

toughness, governed by the stress-induced transformation-toughening mechanism. This 

involves a martensitic-type transformation of metastable tetragonal grains into a 

monoclinic structure when subjected to localized stress at a crack tip. The resulting 3-

5 vol. % expansion generates a compressive stress field that effectively shields the crack 

tip, preventing further propagation and increasing the overall energy absorption of the 

composite. The use of ZrO2 in the form of nanofibers, as investigated in this work, 

further optimizes the aspect ratio, allowing for enhanced load transfer efficiency 

between the organic matrix and the inorganic phase [51,52] 

• Silica (SiO2): Silica is the most frequently utilized inorganic filler in dental composites 

due to its ability to improve surface smoothness and reduce polymerization shrinkage 

[53]. Recent studies have shown that nano-silica particles significantly enhance the 

optical translucency of resin-based materials [54]. 

• Aluminum Oxide (Al2O3): Alumina is utilized for its extreme Vickers hardness and 

chemical durability. It functions as a primary load-bearing element in hybrid 

composites, protecting the softer polymer matrix from abrasive wear during repetitive 

masticatory cycles [55]. 

• Titanium Dioxide (TiO2): Nano-TiO2 is incorporated for its photocatalytic and 

antibacterial properties. Under ambient light, the surface of TiO2 generates reactive 

oxygen species (ROS) that disrupt bacterial cell membranes, thereby inhibiting the 

formation of biofilms, such as Streptococcus mutans, and reducing the risk of peri-

implantitis [56,57] 

 

2.2.2. Bioactive ceramics 

 

Bioactive ceramics represent a paradigm shift in restorative dentistry. Unlike traditional 

bioinert materials, which are designed to elicit minimal host response, bioactive ceramics are 

engineered to actively participate in tissue repair by triggering specific biological responses at 

the material-tissue interface. This interaction results in the formation of a robust chemical bond 

between the implant and the living host tissue [58]. 

Based on their chemical composition and interaction mechanisms, bioactive ceramics are 

primarily categorized into several key groups: 

• Bioactive Glasses (BG) and Glass-Ceramics: These consist of a network of SiO2, Na2O, 

CaO, and P2O5. Their primary advantage is the high rate of surface reactions. Upon 

contact with physiological fluids, a rapid ion exchange occurs (primarily Na+ and Ca2+ 

for H+), leading to the formation of a silica-rich gel layer that serves as a template for 

calcium phosphate precipitation [59,60]. 

• Calcium Phosphate (CaP) Ceramics: The most significant representatives are 

Hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP). Given that the mineral 

phase of human bone and teeth is chemically similar to HA, these materials are 

inherently osteoconductive. While HA provides stable scaffolding, β-TCP is often 

preferred for regenerative applications due to it resorb ability, allowing it to be 

gradually replaced by natural bone [61,62].  
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• Calcium Silicate (CS) Ceramics: Materials such as tricalcium silicate (C3S) form the 

basis of modern endodontic cements (e.g., MTA). These are critical for the regeneration 

of the pulp-dentin complex; during hydration, they release calcium hydroxide, creating 

a highly alkaline environment (pH ≈12.5) that exhibits strong antibacterial properties 

and stimulates the formation of a dent in bridge [63,64].  

The hallmark of bioactivity is the process of biomineralization. Upon immersion in 

physiological environments, a layer of carbonated hydroxyapatite (CHA) forms on the ceramic 

surface [65]. This layer facilitates: 

• Bone induction: The ability of the material to recruit undifferentiated mesenchymal 

stem cells and promote their differentiation into bone-forming osteoblasts [66]. 

• Protein Adsorption: The bioactive surface specifically binds proteins from blood and 

interstitial fluids, providing "anchoring points" for cell attachment and subsequent 

tissue growth [67]. 

Despite their biological superiority, pure bioactive ceramics suffer from inherent brittleness 

and low fracture toughness, making them unsuitable for high-load-bearing applications as 

monolithic structures. To address these limitations, contemporary research focuses on two 

strategies directly relevant to this dissertation: 

• Ionic Doping: The incorporation of therapeutic ions such as strontium (Sr) to enhance 

bone formation, or zinc (Zn) and silver (Ag) to provide sustained antibacterial activity 

[66,68]. 

• Hybrid Nanocomposites: The integration of bioactive phases into polymer matrices 

(such as polyetherimide) reinforced with zirconia (ZrO2) nanofibers. This dual 

approach combines the exceptional mechanical toughness of zirconia with the 

regenerative potential of calcium phosphates or silicates, resulting in a "smart" material 

capable of both structural integrity and biological integration [58]. 

2.2.3. Functional and advanced ceramic oxides 

The transition from micro-scale to nano-scale reinforcements in polymer-based 

biomaterials addresses the critical limitations of traditional fillers, such as brittle fracture and 

interfacial debonding. Nanoparticles, characterized by an exceptionally high surface-area-to-

volume ratio, facilitate extensive mechanical interlocking and molecular interactions with the 

polymer chains. In dental and prosthetic applications, ceramic oxides are prioritized due to 

their chemical inertness, high refractive index, and extreme hardness.While the primary focus 

of this dissertation involves the synthesis and characterization of zirconium dioxide (ZrO2) 

nanofibers, a broader analysis of other ceramic oxide systems is necessary to understand the 

synergistic effects of multi-component reinforcement in complex physiological environments: 

• Yttrium(III) Oxide (Y2O3): The significance of Y2O3 lies in its dual role as a phase 

stabilizer and a thermal-mechanical dopant. In zirconia-based systems, yttria occupies 

vacant sites in the crystal lattice, stabilizing the tetragonal phase and preventing 

spontaneous transformation in the absence of external stress. Furthermore, Y2O3 

improves the hydrothermal stability of the composite by mitigating the diffusion of 

water molecules into the ceramic structure, which is the primary cause of low-

temperature degradation (LTD) in moist oral and physiological environments [69,70]. 

 

2.2.3.1 Perovskite-type oxides ABO3 

• Barium Zirconate (BaZrO3): his perovskite-structured ceramic is integrated into resin 

matrices primarily to achieve the required levels of radiopacity. In clinical diagnostics, 
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radiopacity is essential for the non-destructive assessment of restoration integrity and 

the detection of secondary caries. BaZrO3 nanoparticles are particularly advantageous 

because their refractive index (n ≈ 1.50 - 1.55) is closely matched to those of typical 

dental monomers, such as Bis-GMA and TEGDMA. This compatibility ensures that 

high filler loading can be achieved without compromising the optical translucency or 

the polymerization depth of the material, which are critical for aesthetic outcomes 

[71,72]. 

• Barium Titanate (BaTiO3): In recent years, barium titanate (BaTiO3) has emerged as 

a significant advancement among dental ceramics. This material possesses piezoelectric 

properties comparable to those of natural bone, which is a critical factor for successful 

osseointegration. Due to its affordability, chemical stability, and non-toxicity, BaTiO3 

has seen extensive use across the biomedical field. Its adoption in dentistry is further 

driven by the limitations of traditional metal alloys, which often exhibit poor esthetics 

and undesirable chemical interactions within the oral cavity. Compared to conventional 

biomaterials, BaTiO3-based ceramics offer superior corrosion resistance, improved 

color matching for enhanced esthetics, greater mechanical strength, and excellent 

radiopacity [73,74]. 

• Strontium Titanate (SrTiO3): Beyond its function as a rigid reinforcement that 

increases the elastic modulus, SrTiO3 provides a specific bioactive response through an 

ion-release mechanism. The presence of Sr2+ ions in the ceramic lattice allows for 

controlled leaching into the surrounding biological fluid, which has been shown to 

stimulate osteoblast differentiation and accelerate the mineralization of the extracellular 

matrix. Structurally, these nanoparticles serve as pinning sites that obstruct the mobility 

of polymer chains, thereby enhancing the resistance of the composite to plastic 

deformation and surface indentation [75]. 

 

2.2.4. Processing of oxide powders 

 

• Thermal treatments: Hydrothermal synthesis represents a highly significant and 

promising technique for the development of nanocomposite materials. This method is 

particularly valued because it is conducted at moderate temperatures, which facilitates 

the enhancement of crystallinity, crystal size, and shape. Furthermore, the surface 

chemistry of the resulting materials can be precisely tuned by adjusting several 

parameters, including sol composition, reaction temperature and pressure, solvent type, 

the nature of additives, and aging time. This approach is also characterized by its use 

of environmentally benign procedures and relatively simple equipment [76]. The 

hydrothermal method operates through a heterogeneous reaction within an aqueous 

medium to generate nanostructured materials [77]. These reactions are typically 

performed in closed systems to maintain the necessary pressure and temperature. 

Recently, the microwave-assisted hydrothermal approach has gained substantial 

interest in the field of nanomaterial engineering, as it successfully combines the rapid 

heating advantages of microwave techniques with the structural control of 

hydrothermal synthesis. Ultimately, the hydrothermal technique provides an intriguing 

and practical methodology for the production of diverse nanomaterials [78]. 

• Sol-gel: The sol–gel technique is a bottom-up synthesis method that produces advanced 

materials through a series of irreversible chemical reactions [79,80]. This approach is 

highly favored for preparing nanocomposites due to its numerous advantages, including 

low external energy consumption, the use of cost-effective precursors—such as metal 
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alkoxides or nitrates—and the ability to achieve high purity and consistency in the final 

products at reduced calcination times and temperatures [76]. A primary benefit of the 

sol–gel process is the creation of stable surfaces with a high surface area, where the 

final physical and chemical properties are directly influenced by the specific 

experimental settings applied during synthesis [81]. The procedure begins by dispersing 

precursors into a solvent and stirring the mixture at low temperatures to produce a 

suspension known as a "sol." Through subsequent hydrolysis and condensation 

reactions, colloidal particles gradually form a network of metal hydroxide or oxide 

bridges, resulting in a "gel." Finally, after a crystallization and annealing stage, the 

desired nanocomposites are obtained [76]. Ultimately, sol–gel chemistry serves as a 

versatile platform for material science, enabling the engineering of a wide variety of 

nano- and microstructures with diverse chemical compositions and unique 

morphologies that are unattainable through other methods [80]. 

• Mechanochemical activation: High-temperature mechanochemical technology 

(HTMT) has emerged as an efficient "short-process" synthesis route for producing 

high-reactivity nano-ZrO2 powders, significantly enhancing the densification and 

mechanical properties of ceramic composites such as boron carbide (B4C). Unlike 

traditional multi-stage methods, mechanochemical activation utilizes the synergy of 

high-energy ball milling and thermal energy to induce atomic rearrangement and 

structural defects, which effectively lowers the phase transition temperature and 

produces ultra-fine nanoparticles with a narrow size distribution [82]. When integrated 

into a ceramic matrix, these activated powders promote in situ chemical reactions 

during sintering, forming secondary phases like ZrB2 and W2B5, which inhibit grain 

growth and facilitate near-theoretical densification [83,84]. Consequently, the resulting 

microstructure exhibits superior mechanical integrity, characterized by a substantial 

increase in both Vickers hardness and fracture toughness [82]. 

2.3. Nanofibers as advanced reinforcements 

 

Fiber-reinforced composites (FRCs) are widely established, produced, and utilized 

across various industries. These materials consist of a metal, polymer, or ceramic matrix that 

encapsulates fibrous reinforcements characterized by superior mechanical properties, including 

high tensile strength and a high modulus of elasticity. The overall stiffness and strength of the 

resulting composite are governed not only by the intrinsic properties of the constituent 

materials but also by a critical dimensionless parameter: the aspect ratio (the length-to-diameter 

ratio) of the fibrous phase [85].  

Fibers are defined as elongated reinforcements with a transverse cross-sectional 

diameter or thickness not exceeding 250 μm. Generally, these materials maintain an aspect 

ratio (the ratio of length to diameter/thickness) of 100 or greater [43]. However, this ratio may 

fall below 100 in specific instances, such as with whiskers, staple fibers, or chopped and short 

fibers. The mechanical performance of fiber-reinforced resin composites is determined by the 

specific type, length, and orientation of the fibers, as well as their volume fraction. In dental 

applications, glass fibers are predominantly used due to their cost-effectiveness and chemical 

similarity to silica. Furthermore, they exhibit superior mechanical properties and enhanced 

interfacial bonding with the polymer matrix compared to alternative reinforcements like 

polyaramid, carbon/epoxy, or ultra-high molecular weight polyethylene [86]. 
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Based on the aspect ratio and spatial arrangement, fiber-reinforced composites are 

categorized into three primary groups: continuous (long) and aligned, discontinuous (short) 

and aligned, and discontinuous with random orientation (Figure 7). 

 

Figure 7. Examples of reinforcement types, combinations, fiber orientations, and 

arrangements in composites [87] 

Studies have demonstrated that, in comparison to more widely used materials, short 

glass fiber resin composite structures, which are utilized for temporary dental crowns and 

bridges, display greater flexural strength and compressive load-bearing capacity [40]. In dental 

resin-based composites, the combination of bio ceramic (nHA) and high-strength (E-glass 

fiber) materials has demonstrated good results in terms of degree of conversion (DC); however, 

higher loading of nHA/E-glass fiber can impact water sorption behavior and impair resin-filler 

adhesion. Although different reinforcing element concentrations exhibit inconsistent impacts 
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on hardness and flexural strength, all experimental composites satisfy ISO 4049's standards for 

flexural strength in resin-based materials [88]. 

Nano-sized electrospun fibers have been found to improve composite properties like 

flexural strength and modulus when incorporated in low weight fractions (1–5%) with 

spheroidal silica fillers. In contrast, micron-sized fibers can degrade material properties at 

higher concentrations by aggregating and causing voids in the matrix. As co-fillers, nanofibers 

can improve wear resistance and decrease polymerization shrinkage by encircling other particle 

fillers in a protective layer. Nanofibers improve strength and modulus during fiber pull-out by 

bridging cracks and absorbing energy. The predominant types of glass fibers employed in 

dental practice are E-glass and S-glass. S-glass has a lower lifespan than E-glass but a higher 

tensile strength and elastic modulus [89]. 

 

2.3.1. Zirconia-based nanofibers 

 

Zirconium, a resilient transition metal, boasts an array of applications when harnessed 

in its oxide state, commonly referred to as zirconia or zirconium oxide. Recognized as ceramic 

steel, zirconia stands out for its innate toughness, abrasion resistance, high melting point, and 

low frictional coefficient. At the nanoscale, its value skyrockets due to exceptional thermal 

stability, luminescence, refractive index, chemical resilience, expansive surface area, 

biocompatibility, and pronounced antibacterial, antioxidant, and antifungal attributes. These 

remarkable traits have spurred intensive exploration within the scientific community, leading 

to the integration of zirconia-based nanomaterials across diverse technological domains. From 

functional materials like catalysts and sensors to structural components such as coatings for 

cutting tools, ceramics, and implants, zirconia finds extensive utility. Furthermore, its utility 

extends to applications as a dielectric, electro-optic, and piezoelectric substance, owing to its 

favorable optical and electrical characteristics [90]. 

The physicochemical properties of ZrO2 are inextricably connected to its crystal 

structure, which is highly impacted by the manufacturing method used. At ambient pressure, 

ZrO₂ exists in three polymorphic forms: monoclinic below 1150 °C, tetragonal between 1150 

°C and 2300 °C, and cubic above 2300 °C; additionally, an orthorhombic phase appears under 

high-pressure conditions [91]. Recent advances in nanotechnology have enabled the successful 

fabrication of one-dimensional zirconium oxide nanostructures using a variety of techniques, 

including the hydrothermal method [92], sol-gel [93], ablation [94], chemical vapor deposition 

(CVD) [95], template synthesis [96], direct electrochemical anodization [97], and 

electrospinning [98]. According to previous research, electrospinning is a simple, scalable, and 

reproducible method for creating one-dimensional nanostructures [99]. 

Zirconium dioxide (ZrO2) fiber materials, encompassing both fiber films and fiber 

aerogels, have attracted considerable attention due to their favorable attributes, including low 

density, low thermal conductivity, and consistent physical and chemical properties [100]. 

These qualities have positioned them as highly desirable in various applications such as high-

temperature air filtration, thermal insulation, sound absorption, noise reduction, catalyst 

carriers, battery separators, and ceramic matrix composite materials [101]. However, the 

brittleness inherent in ZrO2 fiber materials has constrained their practical usability. 

Consequently, researchers have been actively engaged in the pursuit of flexible and 

compressible ZrO2 fiber materials, emerging as a prominent focus of investigation [102]. 

Numerous endeavors have been initiated to achieve this objective, aiming to expand the range 

of applications for these materials. 
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Currently, the primary technologies for producing ZrO2 fibers are electrospinning 

[103,104], centrifugal spinning [105], and solution blow spinning [106]. Electrospinning is the 

most widely used process for synthesizing ZrO2 fibers. Nonetheless, because to the limitations 

of electrospinning, it often produces ZrO2 fiber films [107]. Although it is possible to transform 

ZrO2 fibers produced by electrospinning into ZrO2 fiber aerogels using suspension preparation 

and freeze-drying methods, this method is complex and inefficient [108,109]. Centrifugal 

spinning is also a common process for producing ZrO2 fibers, however it frequently produces 

fibers with greater diameters and less flexibility [110]. Unlike electrospinning and centrifugal 

spinning, solution blow spinning addresses their limitations by enabling the production of 

fibers with comparable diameters while also allowing for the direct fabrication of three-

dimensional fiber aerogel structures [101]. 

Ceramic fiber aerogels have recently gained popularity due to their outstanding 

features, which include low thermal conductivity, great chemical stability, and low density. 

These aerogel materials typically consist of one-dimensional components such as nanowires or 

nanofibers, and include both oxide fiber aerogels (e.g., SiO2, ZrO2) and non-oxide fiber 

aerogels (e.g., Si3N4 and SiC). Compared to SiO2, ZrO2 has a higher thermal tolerance, making 

it ideal for application in harsher environments [111]. Non-oxide ceramic fibers are often 

created by processes such as chemical vapor deposition, which are less efficient and require 

more rigorous conditions [112]. Furthermore, non-oxide ceramic fibers frequently require 

oxygen-free environments for use because their temperature resistance under oxidative 

conditions is poor. ZrO2 fiber aerogels, on the other hand, can be manufactured using 

technologies such as solution blow spinning, which are more efficient and offer superior 

temperature resistance under oxidative circumstances, making them promising for use in a 

variety of applications. 

Ceramic fibers are typically produced by using polymers to create spinning solutions 

that aid in fiber development. Polyvinyl alcohol (PVA) [113,114], polyethylene oxide (PEO) 

[115,116], and polyvinylpyrrolidone (PVP) [117,118] are some of the most often used polymer 

templates. These polymers are derived from nonrenewable petrochemical sources. These 

polymers must be deleted during the ceramic fiber preparation process, thus getting them from 

low-cost and ecologically benign products is desirable. Cellulose, a naturally occurring and 

renewable polymer substance, is a possible alternative. Carboxymethyl cellulose (CMC) and 

hydroxypropyl methylcellulose (HPMC) are examples of water-soluble cellulose derivatives 

that can be generated by altering cellulose [119,120]. Substituting these cellulose derivatives 

for the currently employed polymers as templates in ceramic fiber manufacture would greatly 

reduce reliance on nonrenewable resources while also accelerating ceramic fiber development. 

The electrospinning technique was first documented to be used by C. Shao et al. [121].  

The PVA/ZrOCl2 solution was used to create nanofibers with diameters varying from 50 to 200 

nm. Tetragonal ZrO2 nanofibers were obtained by calcining the nanofibers at 800°C. ZrO2 

nanofibers stabilized with Y2O3 were synthesized and studied by A. M. Azad et al. [122].  PVP, 

zirconyl chloride, and yttrium nitrate nanofibers were calcined at 1500 °C for one hour, 

producing YSZ nanofibers with a cubic form as a consequence of Y2O3 stabilization. ZrO2 

nanofibers were synthesized from a solution of PVP and zirconium acetylacetonate by E. 

Formo et al. [123]. Furthermore, ZrO2 and ZrO2/TiO2 nanofiber production using single and 

double jet electrospinning was shown by M. Su et al. [124]. PVP/ZrOCl2 and 

PVP/ZrOCl2/Ti(C4H9O)4 as-spun nanofibers were calcined in air at 600 °C for 3 h, yielding m-

ZrO2 and t-ZrO2/a-TiO2 nanofibers, respectively. The ZrO2/TiO2 nanofibers in particular 

showed excellent detection qualities, including good repeatability, high sensitivity, and quick 

reaction and recovery times. 

Usama et al. [125] explored the fabrication of three types of nanofibers — inorganic 

zirconia (ZrO₂), organic polymeric (Bis-GMA, TEGDMA, PEGDMA), and hybrid nanofibers 
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(ZrO₂ + Bis-GMA + TEGDMA) — to investigate how these affect the mechanical behavior of 

PMMA resin. 

 

➢ Zirconia Nanofibers [125]: 

 

The production process began by dissolving polyvinyl alcohol (PVA) in water to 

prepare a 12% solution. The solution was heated at 85 °C for complete dissolution and then 

stirred for a day. To make the spinning solution, zirconium oxychloride and water were mixed 

with the PVA in a specific ratio (20:1:2). Electrospinning was done with precise conditions, 

including a flow rate of 0.1 ml/h and a set distance of 10 cm between the spinneret and 

collector. The fibers were dried at 70 °C and calcined gradually to 1000 °C to form stable ZrO₂ 

nanofibers. 

 

➢ Organic Nanofibers (Bis-GMA/TEGDMA/PEGDMA): 

 

These fibers were fabricated by dissolving equal parts of the three monomers, stirring 

at 40 °C, and spinning them at 24 kV with a flow rate of 0.4 ml/h. The resulting fibers were 

dried in vacuum at room temperature for two days. 

 

➢ Hybrid Nanofibers (ZrO₂ + Bis-GMA/TEGDMA): 

 

Equal amounts of Bis-GMA and TEGDMA were blended, combined with varying 

percentages of ZrO₂ (1–20 wt.%), and processed similarly. The spinning used a higher voltage 

(28 kV) and a lower flow rate (0.2 ml/h). Fibers were again air-dried under vacuum. Çetinkaya 

et al. [126] produced ZrO₂–SnO₂ composite nanofibers using electrospinning. Separate 

solutions of zirconium nitrate and tin chloride were prepared, mixed in various volume ratios, 

spun at 18 kV with a feed rate of 0.8 ml/h, and heat-treated at 550 °C. SEM analysis showed 

bead-free, smooth fibers that retained continuity after annealing, with diameters decreasing 

slightly due to calcination. Sun et al. [127] developed zirconia nanofibers by dissolving 

zirconium carbonate and using PVP as a spinning aid. Electrospun fibers were sintered at 

1200 °C. Li et al. [128] created ZrO₂/ZnO nanofibers to study their combined effects on gas 

sensing. They used zinc acetate and ZrOCl₂, spun fibers under optimal conditions, and calcined 

them at 500 °C. Yasin et al. [129], Yu et al. [130], Song et al. [131], and Barakat et al. [132] 

studied ZrₓTi₁₋ₓO₂ nanofibers with various zirconium-to-titanium ratios, noting how these 

ratios influence the crystalline phases formed after annealing. Lower Zr/Ti ratios tended to 

produce anatase TiO₂, while higher ratios led to mixed or tetragonal ZrO₂ phases. Rodaev et al. 

[133] electrospun ZrAA/PAN composite fibers, then thermally treated them to form bead-free 

zirconia fibers. Careful heating preserved the fibrous structure while removing organics. 

Finally, other researchers used PVP and zirconium alkoxides to make high-quality zirconia 

nanofibers with mean diameters around 98 nm. The fibers maintained their morphology after 

calcination at 850 °C [134]. A completely homogenized combination of dental composite 

components with uniform filler dispersion in the matrix and flawless air bubble removal can 

be achieved using a variety of techniques [135]. In order to do this, centrifugal planetary mixers 

[136], mechanical mixers [137], sonication [138], solution-evaporation mixing method [139], 

mixing at a somewhat increased temperature [139], and a hand spatula were used to 

homogenize the filler and matrix phase. Three roller mixers [140] were utilized to further 

disperse the filler phase in the matrix. In order to eliminate air bubbles, these mixing procedures 

are typically done under vacuum and/or after vacuuming the paste mixture. The features of 

dental composites are greatly influenced by the filler's quality of dispersion in the matrix, which 

is examined under a microscope. Furthermore, voids, also known as trapped air bubbles, in the 
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matrix are mostly created during the manufacturing and clinical manipulation processes, and 

they have the potential to adversely impact the mechanical properties of dental composites. 

Electrospinning has emerged as a versatile and robust technique for the fabrication of 

continuous one-dimensional (1D) nanostructures, particularly nanofibers, with diameters 

ranging from a few nanometers to several micrometers. This technique is uniquely positioned 

in the field of dental materials science due to its ability to produce high-aspect-ratio 

reinforcements that mimic the hierarchical structure of natural tissues. Unlike conventional 

mechanical fiber-drawing methods, electrospinning utilizes electrostatic forces to stretch a 

polymer or composite solution into ultra-fine filaments.The fundamental appeal of 

electrospinning in the context of zirconia (ZrO2) synthesis lies in its adaptability to the sol-gel 

process. By incorporating ceramic precursors into a carrier polymer solution, this method 

allows for the production of green fibers which, upon subsequent thermal treatment, yield pure 

ceramic nanofibers. These nanofibers possess a high surface-area-to-volume ratio and superior 

mechanical properties, making them ideal candidates for reinforcing dental matrices such as 

polyetherimide.The process is governed by a complex interplay of several parameters, which 

can be broadly categorized into solution properties (viscosity, conductivity, and surface 

tension), processing conditions (applied voltage, flow rate, and tip-to-collector distance), and 

ambient parameters. Understanding and fine-tuning these variables is critical for controlling 

the fiber morphology, preventing beads formation, and achieving the desired mechanical 

integrity of the composite implants. 

In next chapter, the principles of electrospinning are detailed, focusing on the 

optimization of parameters necessary to achieve defect-free zirconia nanofibers suitable for 

high-performance biomedical applications. 

2.4. Electrospinning technique 

 

In recent years, electrospinning has gained popularity as a versatile technology for a 

range of biomedical and dental applications, including dental caries prevention, wound healing, 

and tooth regeneration. Unique features of electrospun materials include a high surface-to-

volume ratio, enhanced cellular contacts, and protein absorption that makes it easier for cellular 

receptors to bind. The potential of electrospun nanofibers for the regeneration and repair of 

several dental and oral tissues, such as the dentin, dental pulp, periodontal tissues, oral mucosa, 

and skeletal tissues, has been thoroughly studied. However, there are a number of 

electrospinning-related drawbacks that prevent these materials from being used in practical or 

medical settings. To overcome the constraints with regard to the biomaterial elements, a deeper 

comprehension of the characteristics, regulated manufacture, and operation of electrospun 

materials is required. It is clear that additional in vivo research is required to assess the 

biocompatibility of electrospun scaffolds. In order to survive mechanical stresses encountered 

in tissue regeneration applications, these scaffolds' mechanical qualities also need to be 

strengthened. Furthermore, a number of electrospun materials' features were examined in light 

of their possible dental uses [141]. 

Numerous disciplines have found electrospinning to be remarkably popular, which has 

led to a dramatic increase in scholarly papers in recent years. 

 

2.4.1. Fundamental Electrospinning Principle and Method 
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The electrospinning approach includes creating a significant potential difference 

between a polymer solution flowing through a capillary tip and a metallic collector [142]. A 

standard electrospinning system includes a high-voltage power source, a syringe fitted with a 

flat-tip needle, and a conductive collector (see Figure 8a) [143]. However, this basic 

configuration can be modified for specialized purposes — for example, using a dual-needle 

setup to produce mixed fibers or a rotating mandrel collector to generate hollow, tube-like 

structures. Traditionally, electrospun materials feature an unwoven arrangement of nanofibers. 

Electrospinning with two electrode strips (Figure 8b) can be employed to gather aligned fibers 

[144]. 

 

 

Figure 8. Schematic representation of the electrospinning process (a) a standard 

electrospinning apparatus and its components (b) collector modifications for aligning 

electrospun nanofibers [141] 

 

Electrostatic forces exceed the surface tension of the polymer solution due to the 

potential voltage difference, causing a jet of charged fluid to break into nanofibers that fall 

towards the collection plate and solidify [145]. During electrospinning, the polymer jet splits 

into multiple streams that form numerous nanofibers, which settle on the collector. As this 

happens, the solvent evaporates, resulting in dry nanofibers being deposited on the collector 

surface [146]. 

 

2.4.2. Elements Influencing Electrospinning 

 

Continuous nanofibers can be created by electrospinning from a variety of materials. 

However, the morphology and properties of electrospun fibers are affected by numerous 

factors, including physical, system-related, processing, and solution parameters.. Table 1 

shows the important variables influencing electro-spun fibers [147]. 
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Table 1. List of variable parameters influencing the qualities of electrospun fibers [147] 

Process 

Parameters 

Systemic 

Parameters 

Solution 

Parameters 

Physical 

Parameters 

Voltage Polymer type Viscosity Humidity 

Flow rate Molecular weight Concentration Temperature 

Collection plate Polymer Conductivity Air velocity 

Distance Architecture Dielectric constant - 

Angle Solvent used Surface tension - 

Motion - Charge of jet  

 

2.4.2.1 Solution Related Parameters 

To keep the jet from breaking up into droplets before the solvent fully evaporates, the 

solution must have optimal properties, specifically, low surface tension along with adequate 

charge density and viscosity [148]. The molecular weight, concentration, surface tension, 

solution viscosity, and solution conductivity of polymers affect the form and features of 

nanofibers. Higher molecular weight solutions are more viscous than lower molecular weight 

solutions because molecular weight is a measure of the polymer chain length, which in turn 

affects the entanglements. During the process, these entanglements keep the jet from breaking 

too soon. A low viscosity polymer solution jet can form beaded fibers or fragment into tiny 

droplets [149]. Viscous solutions produce uniform fibers free of beads and increase chain 

entanglements. The fluid may dry up or drop at the tip if the viscosity is too high, making it 

harder to pump through the capillary [15]. 

The solution's surface area is reduced by surface tension, which also compels it to form 

spherical droplets. High ratios of solvent molecules have a stronger propensity to combine and 

take the form of beads or spheres at low concentrations [149]. It is best to employ low surface 

tension solvents to achieve homogeneous fibers free of beads. When solutions with higher 

conductivity, those that include ions, have a lot of electrostatic charge in the jet. For instance, 

increasing the jet stretching and helping to generate smooth fibers rather than beaded fibers can 

be achieved by adding a small amount of polyelectrolyte or salt to the electrospinning fluid. 

 

2.4.2.2. Polymer Concentration 

When the concentration of the fluid falls below the threshold value, droplets rather than 

fibers will develop. Viscose solutions are produced by high solution concentrations, which 

might cause processing issues. Higher viscosity, for instance, produces a bigger fiber diameter 

by resisting jet elongation and thinning. The association between bead formation and the 

viscosity of polyethylene oxide (PEO) solutions was investigated in a prior work. Their 

findings suggested a relationship between solution viscosity and bead density and size. Less 

spherical and more spindle-like beads were produced by viscous solution, which was followed 

by the production of nanofibers and sporadic flaws in the beads [149]. 
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2.4.2.3. Processing Conditions 

The electrospinning process can be impacted by processing parameters like voltage, 

collector type, distance, flow rate, and needle gauge. For the jet to form and exit the needle, a 

high voltage is needed to generate sufficient charges within the solution. With a comparatively 

smaller Taylor cone, higher voltage accelerates a larger volume of electrospinning fluid [142]. 

The feed rate controls the amount of solution that is accessible between the needle and the 

electrospinning target. Because of the increased feed rate brought on by the voltage rise, the 

solution stretches more and gains diameter. Increased feed rates can also result in inappropriate 

solvent evaporation before the fiber is collected, which can fuse the fibers together. The jet's 

flight time is shortened due to the decreased distance. As a result, the jet could not have enough 

time to harden, which would cause the fibers to fuse. The orifice's diameter has an impact as 

well. Because the jet is exposed to the environment for a shorter period of time, clogging is 

reduced by smaller internal diameter. A smaller droplet results from an increase in the solution's 

surface tension caused by a reduction in the needle's internal diameter. As a result, the jet's 

acceleration drops. Jet hence experiences greater stretching and elongation and more flight time 

prior to deposition; this leads to fibers with a reduced diameter [141]. 

The primary variables influencing the fiber morphology and web characteristics during 

electrospinning are the aforementioned parameters. The collector's design is an additional 

consideration. Conventional electrospinning typically yields nanofibers with a random 

orientation. By altering the collectors' design, it is possible to control the fiber's deposition 

geometry and obtain different desired fiber patterns. 

 

2.4.2.4. Voltage's Effect 

Higher amounts of drawing stress would result from the polymer jet being discharged 

with stronger repulsion when the applied voltage was increased. The outcome is a drop in fiber 

diameter, which raises the probability of a progressively higher fiber diameter distribution and 

complicates process control. To start the polymer jet from the Taylor cone apex, the ideal 

voltage is needed. Before the jet formed, the droplet shape was significantly influenced by the 

applied voltage. Faster electrospinning and a higher solution flowrate are the outcomes of 

higher voltage [142]. 

 

2.4.2.5. Rate of Volumetric Flow 

The flow rate must be adjusted within the proper range in order to stabilize the Taylor 

cone. Vacuum typically forms as a result of the needle's slow flow rate, which makes the Taylor 

cone vanish and momentarily halts the electrospinning process. Solution may accumulate at 

the needle tip with a faster flow. The duration that ions remain in contact with the needle affects 

how quickly charges are transferred into the solution, as higher flow rates reduce the surface 

charge density. The diameter, porosity, and shape of nanofibers are influenced by the solution 

flow rate [142]. To minimize bead formation in electrospun fibers, it is essential to maintain a 

stable and uniform flow rate [150]. The diameter of electrospun nanofibers was decreased by 

a slow flow rate. Furthermore, compared to a quicker flow rate, a slow flow rate produced 

fewer beads and smaller diameters [151]. 
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2.4.2.6. The collector's distance 

The collector's distance has a negative power connection because it reduces the width 

of the polymer jet and elongates bending instabilities and whipping action. Surface charge 

density decreases exponentially. The surface charge density decreases as the gap distance 

increases. The electric field between the charged solution and collector weakens with 

increasing distance between them, resulting in the formation of fewer charged ions [43,86]. 

The needle tip's diameter is an additional process parameter, since it has been observed that a 

larger needle tip diameter increases fiber diameter [152]. On the other hand, it has been noted 

that there is no relationship between the diameter of the needle and the fiber that results [153]. 

2.4.2.7. Conductivity's Effect 

Compared to poor conductivity, high conductivity allows polymer solutions to transport 

more charge. Therefore, increased conductivity results in decreased nanofiber diameter and 

increased tensile stresses in proportion to applied voltage [154]. In their investigation into the 

impact of adding sodium chloride to a polymer for the creation of electrospun nanofibers, Fong 

et al. [149] found that the electrospinning jet's net charge density was greater. Uniform and 

smooth nanofibers are formed as a result of the higher charge density. Zong et al. [154] 

investigated the impact of incorporating salts into solutions of poly-DL-lactic acid (PDLLA) 

and electrospun smooth, bead-free, and fine-diameter nanofibers. As an alternative, surfactants 

can be used to increase the conductivity of a polymer solution [155]. Similar outcomes were 

obtained when surfactants were included in the modifications to create homogenous nanofibers 

with smaller diameters [156]. 

2.4.2.8. The effects of the solvent 

Prior to electrospinning, the solvent's solubility and boiling point should be considered. 

The quick evaporation and dehydration of the nanofibers makes volatile solvents the best 

choice [157]. Avoiding a very low boiling temperature that promotes fast evaporation is 

advised to avoid obstructing or blocking the needle aperture before electrospinning. In contrast, 

solvents with high boiling points may fail to evaporate entirely before the fibers land on the 

collector, leading to the formation of flat, ribbon-shaped fibers instead of cylindrical ones. It is 

important to exercise extra caution when evaluating and choosing electrospinning solvents 

since the solvent's volatility can have an impact on the microscopic characteristics of the fibers, 

such as their porosity, shape, and size [156]. 

2.4.3. Electrospun fibers in biomedical application 

The primary applications of electrospun materials remain focused on tissue engineering 

and the functional regeneration of dental and oral structures. The electrospinning technique has 

proven exceptionally effective for fabricating biomimetic scaffolds that facilitate cellular 

growth and structural repair [158,159]. By mimicking the architecture of the natural 

extracellular matrix (ECM), these scaffolds provide essential topographical cues for the 

regeneration of periodontal tissues and alveolar bone. For instance, fibers based on poly(L-

lactic acid) (PLLA) or polycaprolactone (PCL) reinforced with hydroxyapatite have 

demonstrated significant success in promoting the osteogenic differentiation of dental pulp 

stem cells [160].  A wide range of materials has been successfully processed via electrospinning 

for dental applications, including natural polymers such as silk, collagen, and chitosan, as well 

as synthetic polymers like polyvinyl alcohol (PVA) and polydioxanone. To further enhance 

bioactivity, nanocomposites incorporating hydroxyapatite blends or bioactive glass are 
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frequently integrated into the fiber matrix to promote mineralization and osteoconduction 

[161]. Beyond their role as structural scaffolds, electrospun nanofibers have found extensive 

usage in broader biomaterials and biomedical frameworks, specifically: 

o Localized Drug Delivery: Nanofibers serve as high-capacity reservoirs for the 

controlled release of therapeutic agents. This approach allows for the sustained delivery 

of antibiotics, such as metronidazole or tetracycline, directly into periodontal pockets. 

This localized treatment significantly reduces the need for high systemic doses and 

minimizes potential side effects [162,163]. 

o Implant Surface Modification: Coating metallic or ceramic implants with electrospun 

layers provides a bioactive interface that enhances osseointegration. Recent research 

indicates that coating implants with zirconia-based nanofibers improves surface 

wettability and promotes faster bone-to-implant contact, which is critical for long-term 

clinical success [163]. 

o Advanced Restorative Nanocomposites: As an alternative to conventional spherical 

fillers, integrated nanofibers are utilized to overcome the inherent brittleness of dental 

resins. These fibers provide reinforcement through mechanisms such as crack bridging 

and crack deflection, which are essential for increasing the fracture toughness and 

longevity of posterior restorations [164,165]. 

 

Figure 9 graphically depicts the standard protocol for dental tissue regeneration utilizing 

electrospun scaffolds. There has been discussion on the advancements and possibilities of 

electrospun nanoparticles for dental applications. 

 

 

Figure 9. Diagram illustrating the use of electrospinning scaffolds in dental and oral tissue 

engineering [141] 
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Current advancements in the field are shifting toward "smart" electrospun systems and 

nanofibers capable of responding to physiological stimuli, such as pH fluctuations or the 

presence of specific bacteria, offering a promising future for personalized and regenerative 

dental care. The exceptional performance of electrospun nanofibers in biomedical applications 

is primarily attributed to their unique structural characteristics, including high interconnecting 

porosity, precisely controllable pore size, and an expansive specific surface area. These 

physical attributes enable electrospun membranes to outperform traditional materials in critical 

areas such as advanced wound dressings, scaffolds for complex tissue engineering, and systems 

for targeted drug release. By synthesizing current research breakthroughs with an analysis of 

existing challenges—such as scaling up production and ensuring long-term stability—it is 

evident that electrospinning technology is poised to become a transformative force in the future 

of biomedical materials and regenerative dentistry [162]. 

2.4.3.1. Zirconia nanofibers in dentistry 

The evolution of zirconia-based materials in dentistry has transitioned from monolithic 

restorative structures to sophisticated one-dimensional (1D) nano reinforcements. Zirconia 

(ZrO2), nanofibers, primarily synthesized via electrospinning, represent a strategic 

advancement in overcoming the inherent brittleness of dental resin matrices while maintaining 

the aesthetic and biocompatible standards required for clinical success [166]. 

In conventional dental composites, zero-dimensional (1D) nanoparticles are utilized to 

enhance wear resistance and minimize polymerization shrinkage. However, 1D zirconia 

nanofibers offer unique mechanical advantages that nanoparticles cannot provide: 

 

• Enhanced Load Transfer: Due to their high aspect ratio (length-to-diameter ratio), 

nanofibers facilitate more efficient stress distribution from the polymer matrix (e.g., 

polyetherimide) to the high-strength ceramic phase. 

• Crack Bridging and Toughening: Nanofibers act as physical barriers to crack 

propagation. When a micro-crack initiates, the nanofibers span the crack void, 

providing closure stresses that significantly increase the fracture toughness of the 

composite [166,167].  

 

The mechanical integrity of zirconia nanofibers is fundamentally dependent on the 

stabilization of the tetragonal phase (t-ZrO2). In the presence of a propagating crack, the 

metastable t-ZrO2 grains undergo a stress-induced martensitic transformation into the 

monoclinic phase (m-ZrO2). This phase change results in a localized volume expansion (3–

5%), which generates a compressive field around the crack tip, effectively arresting its growth 

[58,168]. Recent studies emphasize that maintaining a fine grain size within the nanofibers is 

crucial; if the grains grow beyond a critical threshold during calcination, the material becomes 

highly susceptible to low-temperature degradation (LTD), leading to premature mechanical 

failure in the aqueous environment of the oral cavity [58,169]. 

The fabrication of these nanofibers relies on the synergy between sol-gel chemistry and 

electrospinning. By tailoring the viscosity and conductivity of the spinning dope (zirconium 

precursors mixed with a carrier polymer like PVP), researchers can produce continuous, defect-

free "green" fibers. Optimization of Parameters: The final morphology and crystalline structure 

are dictated by processing conditions such as applied voltage, flow rate, and the subsequent 

calcination profile. Biomimetic Potential: Beyond mechanical reinforcement, the nanofibrous 

architecture mimics the natural extracellular matrix (ECM). This high surface area allows for 

functionalization with bioactive ions (e.g., Ca2+, Mg2+) to promote faster osseointegration in 

dental implant applications [168,170]. The primary hurdle in the clinical translation of zirconia 
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nanofiber-reinforced composites is achieving homogeneous dispersion. Preventing the 

agglomeration of nanofibers is essential, as clusters act as stress concentrators rather than 

reinforcements. Current research, including the scope of this dissertation, focuses on surface 

modification techniques and optimized mixing protocols to ensure a robust interphase between 

the zirconia nanofibers and the dental resin matrix.  

2.5. Characterization of dental materials 

Numerous characterization test techniques have been used to define the physical, 

mechanical, chemical, antibacterial, cytotoxic, and self-healing properties of dental composites 

in study. The characteristics of dental composites have significantly evolved as a result of 

advancements in characterization test procedures. The qualities of the dental composite work 

together and depend on one another to provide the intended result. Therefore, using the 

appropriate characterization test procedures greatly increases the accuracy of the findings. 

Based on a search, it appears that while a number of review papers have been published about 

dental composites [16,171], only two review papers—published by Ferracane et al. [172] and 

Ilie et al. [173] are related to dental composite characterization techniques. The first publication 

focused on studying several approaches for managing property characterization, 

polymerization kinetics, and polymerization shrinkage stress and strain. The second study 

reviewed various methods used to assess the mechanical properties of dental composites. These 

two publications have provided helpful approaches for characterization, along with many 

instructions and recommendations for device configurations and method procedures. Apart 

from the techniques employed for the characterization of innovative dental composites with 

biocompatibility, they haven't covered the characterization methods for the assessment of 

physical attributes and biocompatibility. 

 

2.5.1. Mechanical characterization 

 

Material strength is not an inherent trait but depends on the specimen's shape, 

preparation, and the test used, influenced by how force applies stress. While testing under 

common use conditions, like those in the oral cavity, seems logical, it's crucial to remember 

that most forces create complex stresses within a material. This complexity is particularly true 

in the oral environment, where forces are rarely straightforward due to teeth's anatomy and jaw 

mechanics. The strength also hinges on the material's composition and preparation quality, 

suggesting that tests under the most challenging conditions offer a more accurate assessment 

of performance. Tensile tests are preferred for their thoroughness, but flexure tests are often 

used as a practical alternative since they simulate a mix of stresses. Proper specimen 

preparation is vital to avoid misleading results due to flaws. The ISO standard 4049 for dental 

composites recommends flexure testing, which has shown a moderate correlation with clinical 

wear but not with major fractures, according to research. Additionally, artificial aging of 

specimens may improve the correlation with actual clinical outcomes [173]. Figure 10 shows 

the characterization process used to assess the mechanical properties of dental composite. 
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Figure 10. The group of characterization techniques used to assess dental composites' 

mechanical qualities [174] 

 

2.5.1.1. Flexural properties  

 

This method, widely used for testing dental composite strength, involves choices in 

support and load application, specimen geometry, and preparation. Typically, it employs 3-

point bending (Figure 11), where the specimen acts as a beam supported by two rollers set apart 

at a specific distance, with a central top load applied. The ISO 4049 standard governs dental 

composites, while ASTM D790-10 applies to other plastics. The beam, prepared to fit the test 

supports and allow for beam mechanics principles, is tested on a low-compliance, rigid frame 

to ensure load transfer directly to the specimen. Deviating from these specifications can 

compromise test validity. Tests run to failure expect minimal specimen plastic deformation; 

significant bending may lead to calculating yield strength instead of failure load if the beam 

excessively bends. Ideally, a strain gauge measures true beam deformation, though often 

omitted for simplicity. If the specimen and frame are rigid, deformation can be reasonably 

estimated from the cross-head motion, allowing for elastic modulus and strength measurement 

within acceptable error margins [173].  
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Figure 11. Diagram of the three-point bending test illustrating deflection (w) and bending 

moment (M) [173] 

Flexure strength testing can be conducted using a four-point bending approach (Figure 

12), where the load is applied at two separate points, distributing stress over a larger beam area. 

This method ensures failure occurs within a specific region, essential for accurate beam 

equation application. Unlike three-point bending, where failure might not directly align with 

the load point, potentially skewing results, four-point bending provides a more controlled 

failure zone. Studies suggest that three-point bending may yield higher strength results 

compared to four-point, although both tests can be executed similarly on specimens of identical 

dimensions [173]. 

 
Figure 12. Ilustration of the four-point bending test displaying the deflection (w) and bending 

moment (M) [173] 

 

2.5.1.2 Micro- and nanoindentation 

 

Indentation or scratch tests have been a staple for assessing material hardness for over 

a century, particularly useful for characterizing resin composites. These tests involve pressing 

a hard indenter against the sample, leaving an indentation that reflects the material's resistance 

to deformation. Hardness is calculated by dividing the maximum load by the indenter's contact 
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area. Traditional methods like Brinell, Knoop, Rockwell, and Vickers focus primarily on the 

plastic deformation aspect (Figure 15). Although initially developed for metals, these methods 

are also applicable to brittle materials, as the stress distribution caused by indentation mimics 

hydrostatic pressure combined with shear stress, often preventing brittle fracture. Given that 

resin composites exhibit both plastic and elastic deformation, a more nuanced approach using 

depth-sensing hardness measurements is advisable. This dynamic technique measures the 

applied load along with the indenter’s penetration depth, enabling differentiation and analysis 

of the material’s plastic and elastic deformation components [173]. 

A Vickers indenter is used to indent the photo-polymerized specimens, and VH is 

computed using equation (1), which is the ratio of the maximum load (𝑃𝑚𝑎𝑥) to the maximum 

projected contact area (𝐴𝑚𝑎𝑥) [174]. 

 

                                    𝐻𝑉 =
𝑃𝑚𝑎𝑥

𝐴𝑚𝑎𝑥
= 1.8544 ×

𝑃𝑚𝑎𝑥

d2
                                                     (1) 

 

where the two indented diagonals' mean length is represented by 𝑑. The hardness of dental 

composites is also measured using the Brinell and Knoop hardness procedures [175]. Figure 

15shows the indenter shape associated with the hardness testing. 

 

 

 

Figure 13. Indentation shapes and their corresponding imprints from Vickers, Knoop, 

Rockwell, and Brinell hardness tests [173] 

 

Hardness measurement is categorized into macro-, micro-, or nano-scale based on the 

applied forces and resulting displacements according to ISO 14577-1:2015. In the macro range, 

forces range from 2 N to 30 kN. In the micro range, forces are greater than 2 N and indentation 

depths exceed 0.2 μm. Finally, in the nano range, indentation depths are less than or equal to 

0.2 μm. It is important to note that the micro range has an upper limit set by the test force (2 

N) and a lower limit determined by the indentation depth of 0.2 μm [173]. 

At the nanoscale, mechanical deformation is strongly influenced by the precise shape 

of the indenter tip, and the computed material properties are greatly affected by the contact area 

function specific to the indenter used. Thus, precise calibration of both the instrument and 
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indenter shape is crucial for achieving reproducible material parameters across different 

machines. Additionally, the specimen's surface must be smooth to ensure a regular indentation 

shape and clear visualization, and it should be positioned perfectly perpendicular to the indenter 

[173]. 

 

2.5.1.3 Fracture behavior 

 

The fracture behaviour of the investigated dental nanocomposites was analysed to 

evaluate the influence of electro spun zirconia nanofibers on the failure mechanisms of the 

resin matrix. In conventional dental composites, brittle fracture is the dominant failure mode, 

characterized by rapid crack propagation through the polymer matrix with minimal energy 

absorption [176]. However, the integration of zirconia nanofibers significantly alters this 

behaviour by introducing several energy-dissipating toughening mechanisms [177]. 

Fracture resistance in the developed nanocomposites is significantly enhanced through 

a bridging mechanism. As micro-fractures develop under load, the integrated zirconia 

nanofibers remain intact across the crack faces, effectively 'sewing' the matrix together. This 

process absorbs a substantial amount of energy, as additional force is required to overcome the 

interfacial bonding between the fibers and the surrounding resin [178]. These "bridges" exert 

closure forces that counteract the opening displacement, effectively reducing the stress 

intensity at the crack tip. This process requires additional energy to either deboned the fibers 

from the matrix or to fracture the fibers themselves, which significantly increases the material's 

fracture toughness (KIC) [179]. 

Furthermore, crack deflection was identified as a critical secondary toughening 

mechanism. When a propagating crack encounters a zirconia nanofiber, it is forced to deviate 

from its original path, moving along the fiber-matrix interface [178]. This increases the total 

fracture surface area and further dissipates the energy associated with crack growth. Another 

observed phenomenon is fiber pull-out, where the energy is consumed as fibers are frictionally 

withdrawn from the matrix during the final stages of fracture, preventing sudden catastrophic 

failure [180]. 

The analysis of the fracture surfaces via SEM reveals a transition from a smooth, 

mirror-like surface—typical of brittle failure—to a much rougher, hierarchical topography in 

the fiber-reinforced specimens. This increased roughness is a direct indicator of higher energy 

dissipation during failure. The integration of electrospun nanofibers, characterized by their high 

aspect ratio, mitigates the risk of stress localization often associated with spherical particles 

[181]. By distributing mechanical strain more effectively throughout the composite matrix, 

these fibers provide superior resistance to the cyclic forces of mastication, ensuring a more 

robust clinical performance [182]. 

 

2.5.1.4 Wear  

 

The degradation of dental materials in the oral environment is a complex phenomenon, 

primarily governed by the synergy between mechanical loading and chemical degradation. 

While fundamental tribology classifies material loss into adhesive, abrasive, fatigue, and 

corrosive processes, dental wear is often more accurately described through its clinical 

manifestations to better reflect the intraoral reality [183]. 

In the clinical context, wear is typically categorized into three distinct types, each 

involving specific physical interactions [183]: 
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Attrition: This represents wear occurring at direct tooth-to-tooth or tooth-to-restoration 

contact sites. From a mechanical standpoint, attrition is driven by adhesive wear and surface 

fatigue. Under high masticatory forces, especially in parafunctional habits like bruxism, these 

contact areas experience significant stress concentrations, leading to micro-cracking and 

progressive loss of material. 

Abrasion: This refers to material loss at non-contact sites, caused by the intervention of 

a third body. It can be further divided into: 

Two-body abrasion: Such as the interaction between a toothbrush/dentifrice and the 

material surface. 

Three-body abrasion: Occurring during mastication when food particles act as an 

abrasive medium between the restoration and the antagonist. In resin-based composites, this 

often results in the preferential wear of the softer polymer matrix, leading to the exposure and 

eventual exfoliation of filler particles—a process known as the "plucking effect." 

Corrosion and Erosive Wear: Unlike mechanical wear, erosion involves the chemical 

dissolution of the material by exogenous or endogenous acids. In the oral cavity, this often 

manifests as tribocorrosion, where chemical softening of the composite matrix significantly 

lowers its resistance to subsequent mechanical abrasion. 

To bridge the gap between laboratory findings and clinical outcomes, various in-vitro 

methodologies have been standardized. The ISO/TS 14569-2 technical specification outlines 

protocols for using dynamic chewing simulators that attempt to replicate the complex 

kinematics of human mastication.These simulations typically employ two main testing 

geometries:Two-body wear tests: Used to simulate attrition by providing direct sliding or 

impacting contact between the sample and an antagonist (e.g., steatite or ceramic balls).Three-

body wear tests: These involve an intermediary abrasive slurry (e.g., polymethyl methacrylate 

(PMMA) beads or organic seeds in a liquid medium) to mimic the abrasive nature of a food 

bolus.The resistance of dental composites is quantitatively assessed by measuring the volume 

loss (mm3) or the maximum wear depth (µm) using profilometry or 3D digital scanning. 

Furthermore, the evolution of surface roughness (Ra) is a critical parameter, as increased 

roughness not only compromises the aesthetic quality of the restoration but also promotes the 

adhesion of dental plaque and subsequent secondary caries [184]. 

 

2.5.2 Thermal characterization 

 

Thermal characterization plays a fundamental role in evaluating the performance and 

reliability of dental restorative materials. Since the oral environment is subject to frequent and 

rapid temperature fluctuations—ranging from 5 °C to over 55 °C during the consumption of 

cold and hot beverages—understanding the thermal response of dental nanocomposites is 

essential for predicting their clinical longevity. These thermal changes can induce internal 

stresses due to the mismatch in thermal expansion coefficients between the polymer matrix, 

the inorganic fillers, and the surrounding natural tooth structure [185,186]. The application of 

standardized thermal analysis techniques provides a comprehensive profile of the material's 

structural integrity and thermodynamic properties, serving as a bridge between laboratory 

synthesis and clinical application [187]. 

2.5.2.1 Thermogravimetric Analysis (TGA) 

 



37 

 

Thermogravimetric analysis (TGA) is employed to monitor the mass change of dental 

composites as a function of temperature or time under a controlled atmosphere. This technique 

is instrumental in assessing the thermal stability and decomposition kinetics of the polymer 

matrix. In dental research, TGA is primarily used to determine the precise filler weight fraction, 

as the organic resin components undergo oxidative degradation while the inorganic 

reinforcement remains stable at elevated temperatures, typically up to 800 °C. Furthermore, 

TGA can identify the presence of residual solvents or unreacted monomers and provide insight 

into the efficiency of the silanization process at the filler-matrix interface [188,189]. 

 

2.5.2.2 Differential Scanning Calorimetry (DSC) 

 

Differential Scanning Calorimetry (DSC) measures the heat flow associated with 

physical and chemical transitions within the material. For dental resin composites, DSC is 

crucial for identifying the glass transition temperature (Tg), which marks the shift from a rigid 

vitreous state to a more flexible rubbery state. This parameter is a vital indicator of the 

material's cross-linking density and overall polymerization efficiency. Additionally, DSC can 

be used to quantify the exothermic heat of polymerization, allowing for the evaluation of the 

reactivity of various monomer systems and the potential thermal impact on the surrounding 

dental tissues during the curing process [189]. 

 

2.5.2.3 Dynamic Mechanical Analysis (DMA) 

 

Dynamic mechanical analysis (DMA) uses a dynamic method to evaluate material 

properties by applying cyclic stress and observing the material’s response. It applies a variable 

sinusoidal stress, while simultaneously measuring the resultant sinusoidal strain. Resin 

composites display viscoelasticity, meaning they show both elastic and viscous responses. In 

purely elastic materials, the stress and strain waves are in phase (0° phase difference), whereas 

in purely viscous materials, the phase difference is 90°. For viscoelastic resin composites, the 

phase difference, along with the amplitudes of the stress and strain waves, is used to determine 

key material parameters. These include the storage modulus, loss modulus, complex modulus, 

and tan delta (also known as the loss factor) [190]. 

 

2.5.3 Structural and morphological characterization 

 

The performance of dental nanocomposites is fundamentally dictated by the structural 

arrangement of the filler phase and the quality of its integration into the organic matrix. To 

evaluate these characteristics, a combination of spectroscopic and microscopic techniques is 

employed, providing insight into the chemical bonding, crystalline structure, and spatial 

distribution of the reinforcements. 

2.5.1.1 Fourier-Transform Infrared Spectroscopy (FTIR) 

 

FTIR spectroscopy is utilized to identify the functional groups present in the dental 

composites and to verify the success of surface modifications, such as the silanization of 
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nanoparticles. By analysing the characteristic vibrational modes (e.g., Si-O-Si stretching or 

C=O bonds in methacrylate resins), FTIR can also be used to determine the Degree of 

Conversion (DC). This is achieved by comparing the ratio of aliphatic C=C double bonds 

before and after light-curing, which is a critical indicator of the material's final mechanical 

properties and biocompatibility [191,192]. 

 

2.5.1.2 X-ray Diffraction (XRD) 

 

X-ray diffraction is essential for determining the crystalline nature of the synthesized 

nanoparticles (e.g., the perovskite structure of SrTiO3 or the phases of MnO2). In the context 

of the final composite, XRD analysis can confirm whether the filler maintains its structural 

integrity during the polymerization process. Furthermore, the broadening of diffraction peaks 

allows for the estimation of the average crystallite size using the Scherrer equation, providing 

a quantitative basis for the "nano" scale of the reinforcing phase [193]. 

 

2.5.1.3 Scanning Electron Microscopy (SEM) and EDS 

 

Scanning Electron Microscopy (SEM) is the primary tool for investigating the 

morphological features of the dental materials [194]. It is employed to [195]: 

• Examine the filler-matrix interface, where a seamless transition indicates strong 

chemical and mechanical interlocking. 

• Assess the dispersion and distribution of nanoparticles to ensure the absence of large 

agglomerates, which could act as stress concentrators. 

• Analyse the fracture surfaces after mechanical testing to determine the failure mode 

(e.g., ductile vs. brittle) and observe phenomena such as "plucking" or crack deflection. 

When coupled with Energy-Dispersive X-ray Spectroscopy (EDS), this method provides 

elemental mapping, confirming the uniform presence of specific elements (e.g., Sr, Ti, Mn, Si) 

across the composite surface [196,197]. 

 

2.5.4. Biocompatibility 

 

Biocompatibility is a fundamental requirement for any dental restorative material, 

representing its ability to coexist with the host’s biological systems without eliciting harmful 

local or systemic responses. According to the ISO 10993-1 standard and current regulatory 

guidelines, the assessment of dental nanocomposites must consider the triadic interaction 

between the material's chemical composition, the dynamic oral environment, and the 

physiological response of the host tissues [198,199]. For resin-based materials, this evaluation 

is particularly critical due to the potential leaching of unreacted monomers or the release of 

reinforcing nanoparticles, which can induce oxidative stress or inflammatory pathways.  

 

2.5.4.1 The MTT Cytotoxicity Assay 
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The standard for the initial biological screening of dental materials is the MTT assay, a 

quantitative, colorimetric method used to evaluate cellular metabolic activity and viability. This 

assay is based on the enzymatic reduction of the yellow tetrazolium salt, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), by mitochondrial succinate 

dehydrogenase enzymes in living cells. 

The biochemical process results in the formation of insoluble, purple formazan crystals 

within the mitochondria. After solubilizing these crystals, the optical density (OD) is measured 

using a spectrophotometer at a specific wavelength (typically 570 nm). The core principles and 

advantages of applying the MTT assay in this research include: 

• Metabolic Mapping: The intensity of the purple coloration is directly proportional to 

the number of viable, metabolically active cells, allowing for a precise calculation of 

the survival rate relative to a control group. 

• Dose-Response Evaluation: It enables the determination of the cytotoxic threshold of 

the nanocomposite extracts, providing data on whether the addition of STO/MnO2 

nanoparticles influences the overall biological safety of the resin matrix. 

• Correlation with Polymerization: The assay is instrumental in observing how the 

Degree of Conversion affects biocompatibility; typically, higher conversion rates lead 

to reduced cytotoxicity as fewer residual monomers remain available for leaching into 

the surrounding tissues [200,201]. 

 

2.6. Current progress and challenges 

 

Nanocomposites represent a transformative class of materials prized for their structural 

and functional synergy. In the field of dentistry, the transition to the nanoscale offers 

unprecedented opportunities to improve mechanical strength and aesthetics, though it 

significantly complicates the processing and characterization of the materials. The success of 

high-quality dental nanocomposites relies fundamentally on selecting an appropriate 

fabrication route to ensure the uniform dispersion of nanofillers within the matrix—the most 

crucial and challenging aspect of production [76,80,202].  

The sol–gel technique remains a cornerstone "bottom-up" approach for preparing these 

materials, favored for its low energy consumption and the ability to yield high-purity products 

with unique morphologies [76,80]. By manipulating parameters such as solvent polarity and 

catalyst concentration, researchers can achieve precise control over particle size and phase 

stability, which is vital for managing the tetragonal-to-monoclinic transformation in zirconia 

[81]. Complementing this, hydrothermal synthesis offers a route to enhanced crystallinity and 

controlled shapes at moderate temperatures. Recent advancements in microwave-assisted 

hydrothermal methods have further accelerated reaction kinetics while maintaining an 

ecologically benign profile [76,78,203]. 

To achieve superior mechanical reinforcement, electrospinning has emerged as a 

premier technique for the fabrication of various nanostructures. This process allows for the 

transformation of sol-gel precursors into continuous nanofibers through the application of high 

voltage, resulting in reinforcements with an exceptionally high aspect ratio. Unlike traditional 

spherical nanoparticles, zirconia nanofibers produced via electrospinning provide a superior 

ability to bridge micro-cracks and prevent their propagation within a polymer matrix through 

the "crack-bridging" mechanism. This morphology facilitates a more efficient interfacial stress 

transfer, where the high surface area of the fibers ensures a strong mechanical and chemical 

bond with the host polymer [82,204]. Experimental findings within this research have shown 
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that even at low filler loadings, such as 1 wt. %, these nanofibers can significantly enhance the 

surface microhardness of the polymer matrix, providing a more resilient surface against the 

abrasive forces encountered in the oral cavity [205]. he reinforcement effect is predominantly 

governed by the effective transfer of mechanical load from the ductile PEI matrix to the high-

modulus ZrO2 nanofibers. Upon mechanical stress, these 1D nanostructures bridge the 

advancing crack fronts, effectively dissipating energy through fiber debonding and pull-out 

mechanisms, which prevents catastrophic failure of the composite. Additionally, techniques 

such as high-temperature mechanochemical technology (HTMT) can be utilized to further 

tailor the interphase and lower phase transition temperatures, facilitating near-theoretical 

densification and superior fracture toughness [82]. 

Despite these advancements, a significant research gap persists regarding the optimal 

integration of these 1D nanostructures into high-performance biocompatible matrices, such as 

polyetherimide (PEI). While spherical nano powders have been extensively studied, their 

ability to provide multi-directional reinforcement is often limited by their tendency to 

agglomerate, which creates stress concentrators rather than reinforcements. Polyetherimide, as 

a high-performance thermoplastic (HPP), offers exceptional thermal stability and chemical 

resistance, yet its potential as a matrix for electrospun zirconia nanofibers remains under-

explored [206]. Building upon previous investigations involving various ceramic 

reinforcements, such as BaZrO3 and hybrid SrTiO3/MnO2 systems in acrylic matrices, this 

work specifically targets the limitations of traditional fillers by utilizing the structural 

advantages of zirconia nanofibers within a high-performance polyetherimide host. Initial 

results indicate that the integration of calcined monoclinic ZrO2 nanofibers into PEI not only 

improves mechanical integrity but also maintains the thermal stability of the composite, as 

evidenced by a consistent degradation onset in thermogravimetric analysis [71]. Furthermore, 

there is a lack of long-term data regarding the interfacial stability and aging behaviour of these 

novel nanofibers under the complex thermo-mechanical and biochemical conditions of the oral 

cavity, where phenomena such as tribocorrosion and hydrolytic degradation must be 

considered  [198,207]. 

This research addresses these challenges by focusing on the synthesis and 

characterization of composite implants reinforced with zirconia nanofibers. By combining sol-

gel processing with electrospinning, this work seeks to precisely engineer the morphology and 

interphase of the reinforcement to enhance the mechanical properties of the PEI matrix. The 

ultimate goal is to bridge the gap between laboratory-scale discovery and the development of 

next-generation dental implants, ensuring that technical excellence in mechanical properties—

such as increased microhardness and fracture toughness, is balanced with long-term 

biocompatibility and clinical safety as dictated by the latest ISO 10993-1:2020 standards [208]. 
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3.1 Materials 

Polyetherimide (PEI), polyacrylonitrile(PAN), N,N-dimethylformamide (DMF), zirconyl 

chloride octahydrate (ZrOCl2 ·8H2O), barium zirconate (BaZrO3), strontium titanate (SrTiO3) 

and yttrium oxide (Y2O3) were purchased from Sigma-Aldrich, Germany. 

3.2. Preparation of samples 

3.2.1 Synthesis of reinforcing phases 

3.2.1.1 Fabrication of electrospun ZrO2 nanofibers 

 

Zirconia nanofibers were synthesized using a combined sol-gel and electrospinning approach. 

Initially, a 10 wt. % precursor solution was prepared by dissolving 1 g of polyacrylonitrile 

(PAN, Mw = 150.000 g mol⁻¹) in 9 g of N,N-dimethylformamide (DMF) under magnetic 

stirring at 50 °C for 2 h. To this solution, 0.3 g of zirconyl chloride octahydrate (ZrOCl2 ·8H2O) 

was added and homogenized in an ultrasonic bath (42 kHz) for 5 min. The resulting solution 

was electrospun using a Linari Engineering system at a constant feeding rate of 1.5 mL/h. A 

voltage of 22 kV was applied, with a tip-to-collector distance of 15 cm. The collected green 

mats were vacuum dried at 30 °C for 24 h to eliminate residual solvent. To obtain the final 

crystalline phase, the mats were calcined in an electric furnace at 1100 °C for 1 h (heating rate 

of 5 °C/min), resulting in the formation of high-purity monoclinic ZrO2 nanofibers [205]. 

 

3.2.1.2. Preparation of BaZrO3/Y2O3/SrTiO3 hybrid nanoparticles 

 

Hybrid oxide nanoparticles were prepared via a high-energy ball milling process. The precursor 

powders, comprising BaZrO3, SrTiO3, and Y2O3 in a specific weight ratio of 87:10:3, were 

milled at 300 rpm for 30 min. This ratio was optimized through iterative testing to achieve the 

most favourable particle morphology and structural stability. The mechanical activation served 

to reduce particle size and promote the formation of a defect-tolerant hybrid system suitable 

for interfacial reinforcement [71]. 

 

3.2.2. Fabrication of composite films 

The polyetherimide (PEI) matrix was processed using the solution casting method. For the 

nanofiber-reinforced series, a 10 wt. % PEI solution in chloroform was used, while the 

nanoparticle-reinforced series utilized a 20 wt.% PEI solution to accommodate the different 

filler geometries [205]. The synthesized reinforcements (ZrO2 nanofibers or 

BaZrO3/Y2O3/SrTiO3 nanoparticles) were ultrasonically dispersed into the polymer solution at 

loadings of 1 wt. % and 3 wt. % relative to the polymer mass. The mixtures were then cast into 

films and allowed to evaporate at room temperature for 24 h. The resulting samples were 

designated according to their filler type and concentration: 

• Nanofiber Series: PEI (neat), PEI-ZrO2(1wt%), and PEI-ZrO2(3wt%). 

• Nanoparticle Series: PEI (neat), PEI-BaZrO3/Y2O3/SrTiO3(1wt%), and PEI-

BaZrO3/Y2O3/SrTiO3(3wt%).he preparation of these two series allows for a direct 
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comparison between the reinforcing efficiency of hybrid nanoparticles and calcined 

nanofibers within the same high-performance thermoplastic matrix. The systematic 

preparation of the composite samples, including the synthesis of the reinforcing phases 

and the final film fabrication, is illustrated in Figures 3.1. and 3.2. 

 

 
Figure 3.1. Schematic representation of the synthesis route for ZrO2 ceramic nanofibers and 

the subsequent fabrication of reinforced polyetherimide films 

 

 
 

Figure 3.2. Schematic representation of the synthesis route for BaZrO3/Y2O3/SrTiO3 

nanoparticles and the subsequent fabrication of reinforced polyetherimide films [71] 
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3.3. Characterization techniques 

To evaluate the structural, morphological, thermal, optical, biological and mechanical 

properties of the developed PEI-based nanocomposites, a comprehensive suite of analytical 

techniques was employed. 

3.3.1 Morphological and structural snalysis 

3.3.1.1 Scanning Electron Microscopy (SEM) and Field Emission Scanning Electron 

Microscopy (FESEM) 

The surface morphology, filler dispersion, and size distribution of both the ZrO2 nanofibers 

and BaZrO3/Y2O3/SrTiO3 hybrid nanoparticles were investigated using Field Emission 

Scanning Electron Microscopy (FESEM) (Tescan Mira 3 and FEI Scios 2). Prior to imaging, 

all specimens were gold-sputtered to ensure adequate surface conductivity.  

3.3.1.2 Image analysis 

Quantitative assessment of the nanofiller dimensions and agglomerate sizes was performed via 

software image analysis using Image-Pro Plus 7.0, based on multiple representative 

micrographs for each sample series.  

 

3.3.1.3 The optical properties 

The optical properties and microstructural features of the composite films were examined using 

Polarized Optical Microscopy (POM) (Olympus CX43) equipped with a digital 

microphotography system (Figure 3.3.). 
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Figure 3.3. Optical microscope 

3.3.1.4. UV-Vis spectrophotometry 

The transmittance spectra of the films were recorded in the 200-800 nm wavelength range using 

a UV-Vis spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan) presented in Figure 3.4. 
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Figure 3.4. UV-2600 UV-Vis spectrophotometer 

3.3.1.5. Time resolved laser-induced fluorescence 

 

3.3.1.6. X-ray Diffraction (XRD) 

X-ray Diffraction (XRD) (Ital Structures APD2000) was utilized to identify the crystalline 

phases and calculate fundamental structural parameters, including unit cell dimensions and 

crystallite size. For the nanofiber series, patterns were recorded over a 2θ range of 20°–70° 

(step 0.1°, 10 s/step), while the nanoparticle series was scanned from 20° to 80° (step 0.02°, 1 

s/step), using CuKα radiation in both cases.  

 

3.3.1.7 Fourier Transform Infrared Spectroscopy (FTIR) 

Chemical and structural changes occurring after calcination or thermal processing were 

monitored via Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet iS5) in the 

wavenumber range of 4000-400 cm-1. 

3.3.2. Thermal Characterization 

The thermal behaviour and phase transitions of the neat PEI and its composites were evaluated 

by Differential Scanning Calorimetry (DSC) (TA Instruments Q10). Samples were heated at a 

constant rate of 10 °C min⁻¹ under a controlled nitrogen atmosphere (50 mL min⁻¹). The glass 

transition temperature (Tg) was precisely determined from the midpoint of the inflection curve 

during the primary heating cycle, serving as an indicator of the filler’s influence on polymer 

chain mobility.3.3.3. Mechanical testing and statistical analysis 
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3.3.3.1 Microindentation 

The surface mechanical properties were assessed through instrumented microindentation using 

a spherical indenter (4 mm diameter). The testing protocol involved a maximum load of 5 N, 

reached at a loading rate of 0.25 N s-1, with a dwell time of 20 seconds to allow for material 

stabilization. Unloading was performed at the same rate, while the force-displacement data 

were continuously recorded. Hardness values were derived using the Oliver–Pharr analytical 

method. To ensure reproducibility, measurements were conducted at three distinct locations 

for each sample. 

 

3.3.3.2. Nanoindentation 

Nanoscale indentation and scratch measurements were performed using a Hysitron TI 950 

TriboIndenter equipped with in situ scanning probe microscopy (SPM) imaging (Hysitron, 

Minneapolis, USA) (Figure 3.5.). A Berkovich diamond tip, characterized by a three-sided 

pyramidal geometry with a total included angle of 142.35°, was employed for all tests. 

Indentation experiments were conducted under a maximum load of 1000 µN, with at least nine 

indents applied at different surface locations for each sample to ensure statistical reliability. 

The loading protocol consisted of a 10 s linear loading segment, followed by a 5 s hold period 

at peak load, and a 10 s unloading stage. 

 

 

 
 

Figure 3.5. Hysitron TI 950 TriboIndenter device  

 

The impact of ZrO2 nanofibers and BaZrO3/Y2O3/SrTiO3 nanoparticles on the composite 

properties was evaluated via one-way analysis of variance (ANOVA) using Origin 9 software. 

This statistical approach allowed for the determination of significance levels (p < 0.05) 

regarding the reinforcement efficiency of the different filler systems. 
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Nanoscratch testing was carried out to evaluate the coefficient of friction (CoF) by 

simultaneously recording the normal force (NF) and lateral force (LF). In each test, the indenter 

was initially loaded over 5 s to reach a normal force of 500 µN, followed by a constant-load 

scratching phase performed at a sliding velocity of 0.33 µm/s over a total scratch length of 10 

µm. The test concluded with a 3 s unloading segment. A minimum of three scratches were 

performed at different surface positions. The reduced elastic modulus (E), indentation hardness 

(H), and coefficient of friction (CoF) were determined using standard analysis procedures 

described previously. 
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4. RESULTS AND DISCUSSION 
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4.1. Polyetherimide reinforced with ZrO2 nanofibers 

4.1.1. Morphology of PAN-ZrOCl2 electrospun fibers 

Figure 4.1. presents the FESEM analysis of the electrospun precursor fibers before thermal 

treatment. The freshly electrospun PAN-ZrOCl2 fibers exhibit a continuous, smooth, and bead-

free morphology, confirming that the selected electrospinning conditions enabled stable jet 

formation and uniform fiber deposition. The absence of beads indicates an appropriate balance 

between polymer chain entanglement, solution viscosity, precursor loading, feeding rate, 

applied voltage and tip-to-collector distance. In this stage, PAN acts as the spinnable carrier 

matrix, while zirconyl chloride is homogeneously incorporated within the polymer solution. 

The smooth fiber surface suggests that the inorganic precursor was sufficiently dispersed in the 

PAN/DMF system and did not induce severe phase separation or crystallization during solvent 

evaporation. The corresponding diameter distribution shows that nearly 80% of the fibers had 

diameters below 1 µm, confirming the formation of submicrometric precursor fibers with 

relatively narrow dimensional variability. This morphology is important because the initial 

continuity and uniformity of the electrospun precursor directly influence the preservation of 

the fibrous architecture during subsequent thermal conversion. 

 

Figure 4.1. FESEM image (left) and fiber size distribution (right) of electrospun composite 

fibers 

4.1.2. Morphology of calcined ZrO2 fibers 

After calcination, the morphology changes markedly because PAN decomposes and is removed 

from the system, while zirconyl species are converted into ZrO2 ceramic nanofibers (Figure 

4.2.). Therefore, the calcined fibers should not be described as PAN-containing composite 

fibers, but rather as ceramic ZrO2 fibers derived from the PAN-ZrOCl2 precursor. The thermal 

treatment causes pronounced shrinkage of the fibers, which is reflected in the substantial 

reduction of fiber diameter [209]. This shrinkage originates from solvent removal, polymer 

burnout, decomposition of the organic phase and densification/crystallization of the inorganic 
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zirconia phase. The diameter distribution of the calcined fibers (Figure 4.2.) shows that more 

than 50% of the fibers had diameters up to 100 nm, demonstrating successful conversion of the 

submicrometric precursor fibers into nanoscale ceramic fibers. 

 

 

Figure 4.2. FESEM image and size distribution of ZrO2 nanofibers 

The surface of the calcined ZrO2 fibers becomes considerably rougher and more granular 

compared with the as-spun fibers. This morphology is consistent with nucleation, growth and 

partial coalescence of zirconia grains during high-temperature calcination. The higher-

magnification image (20000 x) reveals that the fibers are composed of closely packed or 

stacked ceramic grains, rather than a continuous polymeric phase [210]. Such a grain-built 

architecture indicates that the original electrospun fiber template was preserved during 

calcination, while the internal structure was transformed into a polycrystalline ceramic 

network. The rough surface and grain boundaries may be beneficial for reinforcement 

applications, because they can improve mechanical anchoring and interfacial contact when the 

ZrO2 nanofibers are incorporated into polymer matrix. In addition, the nanoscale diameter of 

the calcined fibers provides a high aspect ratio and large specific surface area, both of which 
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are advantageous for stress transfer, crack deflection and mechanical interlocking within 

composite films.  

Overall, Figures 4.1. and 4.2. confirm a successful two-step transformation: first, the formation 

of smooth and uniform PAN-ZrOCl2 electrospun precursor fibers, and second, their thermal 

conversion into thinner, rougher, polycrystalline ZrO2 ceramic nanofibers after PAN removal. 

This morphological evolution is essential for understanding the reinforcing potential of the 

final ceramic fibers, since the calcined ZrO2 network combines preserved fibrous geometry, 

nanoscale diameter and a grain-structured surface capable of promoting stronger interaction 

with polymer. 

4.1.3. Structural analysis of fibers 

Figure 2 shows FTIR spectra of the as-spun PAN-ZrOCl2 precursor fibers and the calcined 

ZrO2 nanofibers, while the main vibrational assignments are summarized in Table 4.1. The 

spectra clearly demonstrate the chemical transformation that occurs during calcination, from 

an organic-inorganic PAN/zirconyl chloride precursor system to an inorganic zirconia fibrous 

network. 

 

Figure 4.3. FTIR spectra of electrospun and calcined fibers 

 

In the as-spun PAN-ZrOCl2 fibers, the spectrum is dominated by bands characteristic of PAN 

and residual solvent/precursor components. The bands at 2927 and 2850 cm-1 are assigned to 
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asymmetric and symmetric stretching vibrations of aliphatic –CH2 groups in the PAN 

backbone. The intense absorption at 2246 cm-1 corresponds to the stretching vibration of nitrile 

groups, C≡N, which represents the most characteristic FTIR marker of PAN. The presence of 

this band confirms that the polymeric PAN phase was preserved after electrospinning and that 

the as-spun fibers still possess the expected chemical structure of the precursor polymer. The 

band observed near 1662 cm-1 may be related to overlapping contributions from absorbed 

water, residual DMF and possible carbonyl-related vibrations from the solvent environment. 

Since DMF was used as the solvent, this band suggests that a small amount of solvent or 

solvent-associated species may remain trapped within the electrospun fibers before thermal 

treatment. The absorption at approximately 1455 cm-1 is attributed to –CH2 bending vibrations 

of PAN, while the band at 1247 cm-1 can be assigned to C–N stretching vibrations. Together, 

these bands confirm the organic nature of the as-spun fibers and indicate that PAN acts as the 

structural carrier enabling continuous fiber formation during electrospinning.  

After calcination at 1100 °C, the FTIR spectrum changes completely. The PAN-related bands 

at 2927, 2850, 2246, 1455 and 1247 cm-1 disappear, confirming the thermal decomposition and 

removal of the organic polymer phase. This result is especially important because the final 

material should no longer be described as PAN-containing fibers, but as ZrO2 ceramic 

nanofibers derived from the PAN-ZrOCl2 precursor. The disappearance of the nitrile band at 

2246 cm-1 is a direct indication that the PAN backbone was destroyed during heat treatment, 

while the absence of aliphatic –CH2 bands confirms the elimination of hydrocarbon fragments 

from the system. The calcined sample exhibits several intense bands in the low-wavenumber 

region, particularly in the region 751-408 cm-1. These bands are assigned to Zr–O lattice 

vibrations and confirm the formation of zirconium dioxide. The sharp features below 600 cm-

1 are consistent with the vibrational modes of crystalline ZrO2, including contributions 

commonly associated with monoclinic and tetragonal zirconia phases. Therefore, the FTIR 

results support the successful conversion of zirconyl chloride species into zirconia during 

calcination [211]. The appearance of well-defined Zr–O bands, combined with the complete 

disappearance of PAN-related vibrations, demonstrates that the thermal treatment induced both 

organic phase burnout and inorganic phase crystallization.  

Overall, FTIR analysis confirms a two-stage chemical evolution. Before calcination, the fibers 

consist of a PAN-based organic matrix containing zirconium precursor species and possible 

residual DMF. After calcination, the organic matrix is completely removed, and the remaining 

fibrous material consists of ZrO2, as evidenced by the dominant Zr–O vibrational bands. These 

results agree with previous reports showing that high-temperature treatment of PAN-based 

electrospun precursors eliminates nitrile and aliphatic functional groups and enables the 

formation of ceramic oxide fibers [27]. Thus, Figure 4.3. provides strong chemical evidence 

for the successful transformation of electrospun PAN-ZrOCl2 precursor fibers into ceramic 

ZrO2 nanofibers. 
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Table 4.1. Main FTIR bands of as-spun PAN-ZrOCl2 fibers and calcined ZrO2 nanofibers 

Wavenumber, 

cm-1 
Sample Assignment Interpretation 

2927 
As-spun PAN-

ZrOCl2 

Asymmetric –CH2 

stretching 
PAN backbone vibration 

2850 
As-spun PAN-

ZrOCl2 

Symmetric –CH2 

stretching 
Aliphatic PAN chain vibration 

2246 
As-spun PAN-

ZrOCl2 
C≡N stretching 

Characteristic nitrile band of 

PAN 

1662 
As-spun PAN-

ZrOCl2 

H–O–H bending/C=O 

stretching 

Residual water and/or DMF 

contribution 

1455 
As-spun PAN-

ZrOCl2 
–CH2 bending PAN backbone deformation 

1247 
As-spun PAN-

ZrOCl2 
C–N stretching PAN-related vibration 

751 Calcined ZrO2 Zr–O vibration Formation of zirconia lattice 

662 Calcined ZrO2 Zr–O vibration Zirconia lattice mode 

572 Calcined ZrO2 Zr–O vibration 
Monoclinic/tetragonal ZrO2 

contribution 

494 Calcined ZrO2 Zr–O vibration Crystalline zirconia mode 

447 Calcined ZrO2 Zr–O vibration Zirconia lattice vibration 

408 Calcined ZrO2 Zr–O vibration Low-frequency Zr–O mode 
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4.1.4. XRD analysis of synthesized ceramic ZrO2 nanofibers 

 

Figure 4.4. presents X-ray diffraction (XRD) pattern of the calcined sample and provides direct 

structural evidence for the formation of crystalline zirconium dioxide after thermal treatment 

of the electrospun PAN-ZrOCl2 precursor fibers. The diffraction peaks are well-defined and 

can be fully indexed to ZrO2, showing excellent agreement with the standard PDF card No. 78-

1807, corresponding to lattice parameters a = 5.1505 Å, b = 5.2116 Å, c = 5.3173 Å, β = 99.23°, 

and unit cell volume V = 140.9 Å3. No additional reflections related to residual precursor phases 

(e.g., ZrOCl2) or carbonaceous species are observed, which confirms the complete conversion 

of the precursor and the absence of secondary crystalline phases within the detection limits of 

XRD. 

 

Figure 4.4. XRD pattern of ZrO2 nanofibers 

The diffraction pattern clearly indicates that ZrO2 crystallizes in the monoclinic phase, 

belonging to the P21/c space group. The presence of characteristic monoclinic reflections, 

typically located around 2θ ≈ 28°, 31°, 34°, 50° and 60°, confirms the thermodynamically 

stable phase of zirconia at the applied calcination temperature (1100 °C). The absence of peaks 

corresponding to tetragonal or cubic ZrO2 suggests that the system underwent complete phase 

transformation into the monoclinic structure during cooling, which is consistent with the known 

phase stability of zirconia in the absence of stabilizing dopants. The relatively sharp and intense 

diffraction peaks indicate a high degree of crystallinity of the formed ZrO2 nanofibers [212]. 

This observation is consistent with the high calcination temperature, which promotes crystal 

growth, phase ordering, and removal of structural defects associated with the precursor stage. 

Importantly, the preservation of the fibrous morphology observed in FESEM, combined with 

the crystalline features revealed by XRD, suggests that the material consists of polycrystalline 

ceramic fibers composed of interconnected ZrO2 grains. The average crystallite size (D) of 

ZrO2 was estimated using the Scherrer equation: 
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where K is the shape factor, λ is the X-ray wavelength, β is the full width at half maximum 

(FWHM), and θ is the Bragg angle [31]. The calculated average crystallite size is 57 nm, 

indicating that each fiber is composed of nanoscale crystalline domains. This value is in good 

agreement with the FESEM observations, where a grain-like substructure was identified within 

the fibers after calcination. To further assess the crystalline quality, the dislocation density (δ), 

which reflects the concentration of lattice imperfections, was calculated using the relation: 

δ = 1/D2 

The obtained value, δ = 3.0 × 10⁻⁴ nm⁻², is relatively low, indicating a limited density of 

crystallographic defects within the zirconia lattice. Such a low dislocation density is typically 

associated with well-developed crystalline domains and suggests that the applied thermal 

treatment was sufficient to promote structural relaxation and defect reduction. This is 

particularly relevant for applications where mechanical stability and chemical durability are 

required, as defect density can significantly influence both properties. From a structure–

property perspective, the combination of monoclinic phase purity, nanoscale crystallite size, 

and low dislocation density indicates that the obtained ZrO2 nanofibers possess a well-ordered 

crystal structure with limited internal strain. The nanoscale crystallite size contributes to a high 

specific surface area, while the polycrystalline fibrous architecture ensures mechanical 

integrity. When incorporated into polymer matrices, such fibers are expected to provide 

efficient load transfer and improved interfacial interactions due to their crystalline stability and 

surface characteristics. Overall, the XRD results confirm the successful transformation of 

electrospun PAN-ZrOCl2 precursor fibers into phase-pure, highly crystalline monoclinic ZrO2 

nanofibers. The absence of secondary phases, combined with favorable crystallite size and 

defect characteristics, highlights the effectiveness of the applied synthesis and calcination route 

in producing structurally well-defined ceramic nanofibers. 

4.1.5. FESEM analysis of PEI-ZrO2 composites 

Figure 4.5. presents a FESEM PEI composite films reinforced with ZrO2 nanofibers, providing 

complementary insight into both microstructural dispersion and agglomerate size distribution. 

Table 4.2. presented size distribution of ZrO2 nanofibers, which created whisker-like shapes in 

PEI matrix. 
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Figure 4.5. FESEM images of (a) PEI-ZrO2(1wt%) and (b) PEI-ZrO2(3wt%) 

Table 4.2. ZrO2 fibers’ distribution size in PEI-ZrO2(1wt%) 

Length (µm) Relative frequency 

(%) 

< 0.5 18 

0.5-1.0 34 

1.0-1.5 22 

1.5-2.0 12 

2.0-3.0 10 

> 3.0 4 

 

Table 4.3. ZrO2 fibers’ distribution size in PEI-ZrO2(3wt%) 

 

 

 

 

 

 

 

 

The FESEM micrographs of composite films (Figure 4.5.) exhibits a finely distributed 

secondary phase embedded within the PEI matrix. The dispersed features appear as elongated, 

whisker-like structures, which can be directly associated with the incorporated ZrO2 

nanofibers. Their morphology suggests that the original fibrous architecture was at least 

partially preserved during dispersion, although some fragmentation into shorter segments 

likely occurred during ultrasonication. Importantly, these structures are relatively uniformly 

distributed throughout the observed composite, without evidence of large agglomerates or 

phase clustering in PEI-1% ZrO2 (Figure 4.5.a). This indicates that ultrasonic homogenization 

was effective in overcoming fiber-fiber interactions and promoting a stable dispersion within 

the viscous polymer solution. An important observation from the FESEM analysis is the 

absence of interfacial defects such as voids, cracks, or pull-out cavities around the nanofibers. 

Length (µm) Relative frequency (%) 

< 0.5 ~12 

0.5–1.0 ~28 

1.0–2.0 ~35 

2.0–3.0 ~18 

> 3.0 ~7 
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This suggests strong interfacial adhesion between ZrO2 and the PEI matrix, likely governed by 

physical interactions and possible surface compatibility between the ceramic fibers and the 

polymer chains. Such interfacial integrity is essential for efficient stress transfer in composite 

systems and directly correlates with improvements in mechanical properties, particularly 

stiffness and hardness, as previously observed in similar polymer-ceramic systems [205]. 

Quantitative analysis of the SEM micrographs reveals that the ZrO2 phase is present in the form 

of whisker-like structures formed via ultrasonication-induced fragmentation of electrospun 

fibers. The whiskers exhibit lengths ranging from approximately 0.25 to 3.2 µm, with a median 

value of 1.05 µm and a mean of 1.3 µm, indicating a moderately right-skewed distribution 

(Table 4.2.). Approximately 52% of the structures fall within the 0.5-1.5 µm range, confirming 

that the dominant population consists of short, submicron-to-micron-scale segments. The 

whisker width is predominantly within 100-180 nm, resulting in aspect ratios of 5-8. This 

morphology demonstrates that ultrasonication effectively disrupts continuous fibers into 

dispersible reinforcement units while preserving sufficient aspect ratio for efficient stress 

transfer. The resulting distribution is characteristic of a balance between fragmentation and 

limited re-agglomeration, yielding a morphology well-suited for homogeneous dispersion 

within the polymer matrix. 

SEM analysis of the PEI composite containing 3 wt% ZrO2 (Figure 4.5.b) reveals a 

heterogeneous but well-dispersed microstructure consisting of a dominant population of 

whisker-like ceramic fragments accompanied by a limited number of secondary agglomerates 

[213]. The whiskers, formed by ultrasonication-induced fragmentation of electrospun fibers, 

exhibit lengths in the range of approximately 0.4-3.5 µm, with the majority falling between 0.8 

and 1.8 µm and a median value of 1.3 µm (Table 4.3.). Their widths are in the range 100-220 

nm, yielding aspect ratios of 4-9, confirming preservation of elongated geometry. In addition 

to these features, micron-scale agglomerates (2-10 µm) are observed, representing 

approximately 10% of the total population. These clusters arise from increased particle-particle 

interactions at higher filler loading and incomplete dispersion of secondary assemblies. Despite 

this, the overall morphology remains free of continuous aggregates, percolated networks or 

interfacial defects, indicating that dispersion remains sufficiently homogeneous. The increased 

density of whisker-like structures and reduced interparticle spacing contribute to enhanced load 

transfer and matrix constraint, while the limited agglomeration does not reach a critical level 

that would induce stress concentration. This balance between dispersion and controlled 

clustering is consistent with the observed increase in mechanical hardness at higher ZrO2 

loading. Table 4.4. summarizes morphological differences between PEI-ZrO2(1wt%) and PEI-

ZrO2(3wt%) nanocomposites. 
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Table 4.4. Morphological differences between PEI-ZrO2(1wt%) and PEI-ZrO2(3wt%) 

Feature 1 wt% 3 wt% 

Whisker density Moderate High 

Whisker spacing Large Reduced 

Agglomerates Rare Clearly present 

Distribution Uniform Slight clustering 

Interaction Particle-polymer dominant Particle-particle more pronounced 

 

4.1.6. Polarized optical microscopy of PEI-ZrO2 composites 

The polarized optical microscopy (POM) image (Figure 4.6.) further supports these revealed 

by FESEM by illustrating the optical response of the films. The neat PEI film appears optically 

uniform, displaying the characteristic amber coloration of PEI with minimal contrast variation. 

This uniformity confirms the amorphous nature of the polymer and the absence of internal 

structures capable of inducing birefringence. 

  

Figure 4.6. Optical microscopy of neat PEI and PEI-ZrO2 composite 

In contrast, the composite film shows pronounced heterogeneity in color and intensity, with 

localized bright regions and interference patterns distributed across the surface. These features 

are indicative of birefringence arising from the presence of anisotropic inclusions, ZrO2 

nanofibers, as well as the localized orientation of polymer chains in their vicinity. The 

introduction of rigid ceramic fibers can induce constraints on polymer chain mobility, leading 

to localized orientation or microstructural ordering, which becomes visible under polarized 

light [100]. Additionally, the spatial distribution of these birefringent regions correlates well 

with the uniform dispersion observed in FESEM, further confirming that the nanofibers are not 

only well distributed but also actively influence the optical behavior of the composite. The 

absence of large dark regions or optical discontinuities suggests that no macroscopic phase 

separation or aggregation occurred during processing. 
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Overall, the combined FESEM and POM analyses demonstrates that ZrO2 nanofibers were 

successfully incorporated into the PEI matrix with a high degree of dispersion and strong 

interfacial compatibility. The whisker-like morphology observed in FESEM, together with the 

birefringent response in POM, confirms both structural integration and functional interaction 

between the reinforcement phase and the polymer matrix. These microstructural characteristics 

are expected to play a key role in enhancing the mechanical and possibly dielectric performance 

of the composite films. 

4.1.7. Thermal analysis of PEI-ZrO2 

PEI is an intrinsically amorphous high-performance polymer, and under typical processing 

conditions (solution casting + moderate filler loadings), it does not crystallize. In presented 

DSC curves (Figure 4.7.), the presence of only a glass transition (Tg) and the absence of melting 

(Tm) or crystallization (Tc) peaks confirms that the matrix remains amorphous even after the 

addition of ZrO2 nanofibers. If ZrO2 acted as a nucleating agent (as fillers often do in 

semicrystalline polymers like PE, PP, PEEK, etc.), the following changes would occur: 

• appearance of a crystallization exotherm (Tc) on cooling or reheating 

• a melting endotherm (Tm) 

• a change in heat capacity step (ΔCp) associated with altered phase structure 

 

Figure 4.7. DSC thermogram of PEI and composites 

The differential scanning calorimetry (DSC) thermograms of neat PEI and PEI-ZrO2 

nanocomposites are presented in Figure 4.7., while the extracted thermal parameters are 

summarized in Table 4.5. The glass transition temperature (Tg) of the pristine PEI matrix is 

observed at 165.8 °C, within the expected transition region of 150-190 °C, confirming the 

amorphous nature of the polymer and consistency with literature values for solution-processed 
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PEI systems. Upon incorporation of ZrO2 nanofibers, a slight, but systematic increase in Tg is 

observed. The Tg shifts to 166.7 °C for the composite containing 1 wt% ZrO2 and further to 

167.2 °C for 3 wt% loading. Although the magnitude of this shift is relatively modest (≈1-1.5 

°C), the trend is consistent and indicative of subtle changes in polymer chain dynamics induced 

by the presence of the ceramic phase. This behavior can be interpreted in terms of restricted 

segmental mobility of PEI chains in the vicinity of the ZrO2 nanofibers. The high surface area 

and rigid nature of the ceramic fibers introduce an interfacial region where polymer chains 

experience physical confinement and reduced mobility [214]. Even in the absence of strong 

chemical bonding, such interfacial interactions, often described as weak chain-filler 

interactions, can lead to the formation of a partially immobilized polymer layer surrounding 

the filler surface. As a result, a higher thermal energy is required to activate cooperative 

segmental motion, which manifests as an increase in Tg. However, the relatively small shift in 

Tg suggests that the extent of this interfacial immobilization is limited. This is expected for low 

filler loadings (1-3 wt%) and composites where the interaction between filler and polymer is 

primarily physical rather than chemical. In such cases, the volume fraction of the interfacial 

region is not sufficiently large to significantly alter the bulk thermal response of the polymer 

matrix. Therefore, the observed Tg increase reflects a balance between localized chain 

restriction near the nanofiber surface and the dominant behavior of the bulk amorphous PEI 

phase. It is also important to note that no additional thermal transitions (e.g., melting peaks or 

crystallization exotherms) are observed in the DSC curves, confirming that the introduction of 

ZrO2 nanofibers does not induce crystallization within the PEI matrix. This further supports 

the conclusion that the polymer remains predominantly amorphous, and that the nanofibers act 

as passive reinforcing elements rather than nucleating agents. From a structure-property 

standpoint, the slight increase in Tg suggests that the ZrO2 nanofibers contribute to enhanced 

thermal stability without compromising the intrinsic amorphous nature and processability of 

PEI, which should lead to an increase in mechanical performance. Such behavior is 

advantageous for applications requiring dimensional stability at elevated temperatures, as even 

minor increases in Tg can improve resistance to thermal softening. 

Table 4.5. Glass transition temperatures of neat PEI and PEI-ZrO2 nanocomposites 

Sample ZrO2 content (wt%) Tg (°C) ΔTg (°C) 

PEI 0 165.8 – 

PEI-ZrO2(1wt%) 1 166.7 +0.9 

PEI-ZrO2(3wt%) 3 167.2 +1.4 

 

Although no crystallization or melting transitions were observed in the DSC thermograms, 

indicating that the PEI matrix remains fully amorphous, the POM analysis reveals pronounced 

birefringence in the composite films. This apparent discrepancy can be explained by the 

presence of localized chain orientation rather than true crystalline ordering. The incorporation 

of ZrO2 nanofibers introduces anisotropic constraints within the polymer matrix, leading to the 

formation of interfacial regions where polymer chains are partially aligned. These regions 

exhibit optical anisotropy and are therefore visible under polarized light, despite the absence 

of long-range crystalline structure. The slight increase in Tg further supports this interpretation, 

as it reflects restricted segmental mobility within these interphase regions. Therefore, ZrO2 

nanofibers do not induce crystallization in PEI, but instead generate an anisotropic interphase 
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that modifies chain dynamics and optical response without altering the amorphous nature of 

the matrix. 

 

4.1.8. UV–Vis analysis 

The UV–Vis transmittance spectra of neat PEI and PEI-ZrO2(3wt%) nanocomposite are 

presented in Table 4.6. The results clearly demonstrate the influence of ZrO2 nanofibers on the 

optical behavior of the polymer matrix. Neat PEI exhibits high optical transparency across the 

visible region, with a transmittance of approximately 85% at 600 nm, which is consistent with 

its amorphous structure and absence of light-scattering heterogeneities. The sharp increase in 

transmittance around ~400 nm corresponds to the intrinsic absorption edge of PEI, associated 

with electronic transitions within the polymer backbone. Beyond this region, the relatively flat 

and high transmittance profile indicates minimal absorption and scattering losses, confirming 

the optical clarity of the pristine material. In contrast, the incorporation of ZrO2 nanofibers 

leads to a noticeable reduction in transmittance, with the PEI-ZrO2(3wt%) composite 

exhibiting approximately 54% transmittance at 600 nm. This decrease is not associated with 

increased absorption in the visible range, but is primarily governed by light scattering 

mechanisms [215]. The introduction of ceramic nanofibers creates numerous polymer-filler 

interfaces, and the significant refractive index mismatch between PEI (n ≈ 1.6-1.7) and ZrO2 

(n ≈ 2.1-2.2) results in strong scattering of incident. As the filler content increases, the density 

of these scattering centres rises, leading to a progressive attenuation of transmitted light. 

Table 4.6. Optical transmittance of neat PEI and PEI-ZrO2 composite 

Sample ZrO2 content 

(wt%) 

Transmittance at 600 

nm (%) 

Optical behavior 

PEI 0 ~85 High transparency, minimal 

scattering 

PEI-

ZrO2(3wt%) 

3 ~54 Reduced transparency due to 

interfacial scattering 

Additionally, the fibrous morphology of ZrO₂ plays an important role. Unlike spherical 

nanoparticles, high-aspect-ratio nanofibers act as anisotropic scattering centres, enhancing 

diffuse scattering and further reducing optical transparency. This interpretation is consistent 

with FESEM observations, which confirmed a uniform dispersion of whisker-like structures 

throughout the matrix. Even in the absence of large agglomerates, the cumulative scattering 

effect of well-dispersed nanofibers is sufficient to significantly alter optical transmission. The 

slight tailing of the absorption edge toward longer wavelengths (UV-visible boundary) in the 

composite suggests additional contributions from interfacial regions. These may arise from 

localized electronic states or increased disorder at the polymer-ceramic interface, which can 

introduce weak sub-bandgap absorption. However, this effect remains minor compared to 

scattering and does not dominate the optical response. Importantly, the reduction in 

transparency should not be interpreted as a drawback alone, but rather as a tunable property. 

The observed UV-edge behavior further indicates that the composite may selectively attenuate 

shorter wavelengths, which could be exploited to improve device lifetime in optoelectronic 

systems. Overall, UV–Vis analysis confirms that the incorporation of ZrO2 nanofibers modifies 

the optical response of PEI primarily through scattering mechanisms, while preserving a 

reasonable level of transparency. When considered together with the mechanical and thermal 

results, the composite exhibits a well-balanced multifunctional profile, making it suitable for 

applications requiring both structural integrity and controlled optical performance. 
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4.1.9. Microhardness 

The microindentation results for neat PEI and PEI-ZrO2 nanocomposites are presented in 

Figure 4.8., while the corresponding quantitative values are summarized in Table 4.7. A 

pronounced enhancement in both hardness (H) and reduced modulus of elasticity (Er) is 

observed with the incorporation of ZrO2 nanofibers, indicating an effective reinforcement of 

the polymer matrix. For the neat PEI sample, relatively low hardness and modulus values are 

recorded, which is consistent with its amorphous structure and inherent chain mobility. Upon 

the addition of 1 wt% ZrO2, the hardness increases by approximately 140%, while further 

increasing the filler content to 3 wt% results in an overall improvement of 163%. A similar 

trend is observed for the reduced modulus, which increases by 42% and 90% for 1 wt% and 3 

wt% ZrO2, respectively. These results clearly demonstrate a strong dependence of mechanical 

performance on nanofiber loading. 

 

Figure 4.8. Microhardness of PEI and PEI-ZrO2 nanocomposites 

The statistical analysis further confirms the significance of these improvements. One-way 

ANOVA indicates that both hardness (p < 0.001) and reduced modulus (p < 0.01) differ 

significantly across the tested groups. Post-hoc Tukey analysis reveals statistically significant 

differences between neat PEI and both composites PEI-ZrO2(1wt%) and PEI-ZrO2(3wt%), 

confirming that even low filler loadings produce measurable and reliable enhancements in 

mechanical properties. The observed improvements can be directly correlated with the 

microstructural features discussed earlier. FESEM analysis (Figure 4.5.) showed that ZrO2 

nanofibers are well dispersed within the PEI matrix and exhibit a whisker-like morphology 

with high aspect ratio. Such geometry is highly favorable for reinforcement, as it enables the 

formation of an interconnected load-bearing network within the polymer. Under indentation, 

stress is efficiently transferred from the softer polymer matrix to the rigid ceramic nanofibers, 

resulting in increased resistance to plastic deformation and higher hardness values. 

 

Table 4.7. Microindendation results 
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Sample Hardness, 

MPa 

Standard 

deviation 

Reduced modulus 

of elasticity, MPa 

Standard 

deviation 

PEI 7.49468 1.45401 960.7622 90.8041 

PEI-ZrO2(1wt%) 17.96119 1.1398 1363.942 94.8086 

PEI-ZrO2(3wt%) 19.67095 1.93457 1825.334 181.1541 

 

In addition to load transfer, the presence of ZrO2 nanofibers induces localized restriction of 

polymer chain mobility, as evidenced by the slight increase in Tg observed in DSC analysis. 

This interfacial constraint leads to the formation of a mechanically stiffer interphase region 

surrounding the nanofibers. Although this interphase is not detectable as a separate phase in 

DSC (due to its limited volume fraction), it plays a crucial role in enhancing stiffness and 

modulus at the microscale [216]. The combined effect of rigid filler reinforcement and 

constrained polymer dynamics explains the simultaneous increase in both hardness and reduced 

modulus. 

The absence of interfacial defects such as voids or cracks (as observed in FESEM) further 

supports efficient stress transfer. Poor interfacial adhesion would typically result in debonding 

or fiber pull-out under load, leading to reduced mechanical performance. In contrast, the 

current system exhibits strong interfacial compatibility, allowing the nanofibers to act as 

effective stress-bearing elements. Importantly, the continuous increase in both hardness and 

modulus with increasing filler content suggests that the system has not reached a critical filler 

concentration at which agglomeration or stress concentration effects would become 

detrimental. At higher loadings, such effects often lead to reduced reinforcement efficiency due 

to poor dispersion and defect formation. However, at 1-3 wt% ZrO2, the dispersion remains 

sufficiently uniform to maintain effective load distribution throughout the matrix. Linking 

these results with POM observations, the birefringent regions observed in the composite films 

can be associated with anisotropic interfacial zones and nanofiber alignment, which contribute 

to mechanical reinforcement. Overall, the microindentation results demonstrate that ZrO2 

nanofibers act as highly effective reinforcing agents in PEI, primarily through a combination 

of high intrinsic stiffness of the ceramic phase, uniform dispersion and high aspect ratio 

enabling efficient stress transfer and formation of an interfacial constrained polymer region. 

This synergistic reinforcement mechanism leads to substantial improvements in hardness and 

modulus, even at low filler loadings. Therefore, the enhanced mechanical response arises from 

the combined effect of high filler stiffness, preserved whisker-like geometry, effective 

dispersion and interfacial constraint within the PEI matrix. 

From a structure–property perspective, these results confirm that the combination of nanoscale  

 

4.1.10. Nanoindentation and nanoscratch test of neat PEI and composite films 

Representative scanning probe microscopy (SPM) image of indentation topography of PEI, 

PEI-ZrO2(1wt%) and PEI-ZrO2(3wt%) composite are shown in Figure 4.9. The incorporation 

of ZrO2 nanofibers leads to a measurable improvement in both nanohardness (H) and reduced 

modulus of elasticity (E), confirming reinforcement at the nanoscale [217]. 

(a) PEI (b) PEI-ZrO2(1wt%) 
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(c) PEI-ZrO2(3wt%) 

 

Figure 4.9. Scanning probe microscopy images of PEI in PEI-ZrO2 composites 

The hardness increases from 0.3432 GPa for neat PEI to 0.3775 GPa for the PEI-ZrO2(3wt%) 

composite, corresponding to an improvement of approximately 10%. Similarly, the reduced 

modulus rises from 4.75 GPa to 5.51 GPa, representing a 14% increase. Although these 

enhancements are less pronounced than those observed in microindentation, they are highly 

significant because nanoindentation probes localized mechanical response, which is strongly 

influenced by interfacial regions and nanoscale dispersion rather than bulk averaging effects. 

The observed increase in hardness can be attributed to a reduction in the effective free volume 

within the polymer matrix. The introduction of rigid ZrO2 nanofibers constrains the mobility 

of nearby PEI chains, leading to the formation of a physically crosslinked interphase region. 

This results in increased resistance to localized plastic deformation under the indenter tip. In 

addition, the high stiffness of the ceramic nanofibers contributes directly to load-bearing, 

especially when the indentation depth approaches the scale of the interphase thickness. The 

SPM 3D topographical images of the residual indents provide insight into the deformation 

mechanisms. Both samples exhibit well-defined, symmetric indent geometries without 

evidence of material pile-up (upthrow), cracking or collapse around the indentation site. This 

indicates that the deformation is predominantly elastic-plastic and homogeneous, without 

brittle fracture or interfacial debonding. The preservation of indent shape in the composite 

sample suggests that the addition of ZrO2 does not compromise the structural integrity of the 

matrix but rather enhances its resistance to penetration. The composite surface appears slightly 

more resistant to indentation depth, consistent with the higher modulus. This supports the 
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interpretation that the nanofibers act as a reinforcing skeleton within the matrix, distributing 

the applied load and limiting localized deformation. From a multiscale perspective, the 

difference between nanoindentation and microindentation results is particularly informative. 

While microindentation showed a much larger increase in hardness, nanoindentation reflects 

the intrinsic material response at the nanoscale, where the indenter may probe regions with 

varying local filler concentration. This suggests that reinforcement is highly effective at the 

macroscale due to the formation of a percolated or semi-continuous reinforcing network, 

whereas at the nanoscale, the response depends on the proximity to individual nanofibers and 

interphase zones.  

The nanoscratch results further complement the nanoindentation findings. The coefficient of 

friction (CoF) for neat PEI ranges from 0.40 to 0.50, in agreement with literature values, while 

the PEI-ZrO2(3wt%) composite exhibits slightly higher values in the range of 0.50 to 0.60. This 

increase in CoF can be explained by several concurrent mechanisms. First, the embedded ZrO2 

nanofibers act as rigid asperities that increase surface roughness at the microscale, leading to 

higher resistance during sliding. Second, the nanofibers restrict interlayer slippage of polymer 

chains, thereby increasing shear resistance. During scratching, part of the polymer material 

may adhere to the indenter tip, forming a so-called transfer film. In neat PEI, this film can act 

as a lubricating layer, reducing friction. However, in the composite, the presence of hard 

zirconia nanofibers disrupts the formation and stability of this transfer film. Moreover, the 

nanofibers can exert a micro-scraping effect on the contact interface, continuously removing 

or destabilizing the transfer layer, which leads to an increase in friction coefficient. 

Importantly, the absence of cracks or delamination during scratching indicates that the 

composite maintains good cohesion and interfacial bonding even under shear loading 

conditions. This is consistent with the FESEM observations, where no interfacial defects were 

detected, and supports the conclusion that stress is effectively transferred between the matrix 

and the reinforcement phase. From an application standpoint, the simultaneous increase in 

hardness, modulus and friction coefficient suggests enhanced wear resistance, which is 

particularly relevant for applications such as dental restorations, where materials are subjected 

to repeated mechanical and tribological loading. The zirconia nanofibers provide a dual 

function: they improve resistance to surface deformation while also stabilizing the material 

under sliding contact. Overall, nanoindentation and nanoscratch analyses confirm that ZrO2 

nanofibers enhance the local mechanical and tribological performance of PEI through a 

combination of interfacial chain restriction, load transfer, and surface interaction mechanisms, 

complementing the improvements observed at the microscale. 

The combined results obtained from morphological (FESEM, POM), structural (XRD), 

thermal (DSC), mechanical (micro- and nanoindentation), and optical (UV-Vis) analyses 

provide a consistent and complementary understanding of the behavior of PEI-ZrO2 

nanocomposites across multiple length scales. At the microstructural level, FESEM 

observations confirmed a uniform dispersion of high-aspect-ratio ZrO2 nanofibers within the 

PEI matrix, without the presence of interfacial defects such as voids or cracks. This 

homogeneous distribution is critical, as it enables the formation of an effective load-bearing 

network. The whisker-like morphology of the nanofibers, combined with their polycrystalline 

nature (as confirmed by XRD), provides a rigid reinforcing phase capable of sustaining 

mechanical loads. This structural arrangement directly translates into the observed mechanical 

enhancements. Both microindentation and nanoindentation results show significant increases 

in hardness and modulus, although at different scales. At the macroscale, the formation of a 

semi-continuous reinforcing network leads to pronounced improvements in hardness, while at 

the nanoscale, the response reflects localized interactions between the polymer matrix and 

individual nanofibers. These results confirm that reinforcement is governed not only by filler 

stiffness, but also by efficient stress transfer and interfacial integrity. Thermally, DSC analysis 
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reveals only a slight increase in Tg, indicating that the polymer matrix remains amorphous. 

However, this small shift is highly informative, as it reflects the formation of a constrained 

interfacial region where polymer chain mobility is reduced. This interpretation is further 

supported by POM observations, which show birefringent domains in the composite despite 

the absence of crystallinity. These domains arise from localized chain orientation induced by 

nanofibers, rather than long-range crystalline ordering. Thus, the system can be described as 

an amorphous matrix containing anisotropic interphase regions that contribute to mechanical 

reinforcement. The optical behavior is also consistent with this microstructure. The reduction 

in transparency observed in UV-Vis spectra is primarily due to light scattering at polymer-

ceramic interfaces, amplified by the refractive index mismatch and fibrous morphology of 

ZrO2. Importantly, this confirms that the nanofibers are well dispersed throughout the matrix, 

as a homogeneous distribution of scattering centers is required to produce the observed optical 

attenuation. From a tribological perspective, the increase in coefficient of friction further 

supports the structural model. The ZrO2 nanofibers act as a rigid skeleton, limiting polymer 

chain slippage and disrupting transfer film formation during sliding. This leads to improved 

wear resistance, which, together with increased hardness and modulus, highlights the suitability 

of the composite for mechanically demanding environments. Overall, the results demonstrate 

that the reinforcement mechanism in PEI-ZrO2 nanocomposites is governed by a synergistic 

interplay of three key factors: 

1. the intrinsic stiffness and crystallinity of ZrO2 nanofibers, 

2. their uniform dispersion and high aspect ratio enabling efficient stress transfer, and 

3. the formation of an interfacial region that restricts polymer chain mobility and induces 

local anisotropy. 

A balanced property profile makes these composites promising candidates for multifunctional 

applications, particularly in areas requiring a combination of structural integrity, thermal 

stability and controlled optical performance, such as protective coatings, electronic housings 

and advanced dental or biomedical materials. 
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4.2. Polyetherimide reinforced with BaZrO3/Y2O3/SrTiO3 nanoparticles 

4.2.1. FESEM of particles 

FESEM analysis of the BaZrO3/Y2O3/SrTiO3 nanoparticles (Figure 4.10.) reveals a broad and 

asymmetric particle size distribution. This type of distribution indicates a system dominated by 

fine particles, accompanied by a smaller population of larger secondary agglomerates. The 

measured particle diameters span a wide range, from approximately 0.07 µm to 2.49 µm, with 

a median value of 0.17 µm and a mean size of 0.39 µm. The noticeable difference between 

median and mean values reflects the statistical influence of relatively few coarse agglomerates, 

which skew the distribution toward higher sizes [218]. 

 

Figure 4.10. FESEM image and size distribution of BaZrO3/Y2O3/SrTiO3 nanoparticles 

A more detailed examination of the relative frequency data confirms that the particle population 

is strongly concentrated within the submicron regime. Approximately 67% of all detected 

agglomerates fall below 0.5 µm, highlighting the effectiveness of the ball-milling process in 

reducing particle size and promoting fragmentation. Within this range, nearly 49% of particles 

are smaller than 0.2 µm, indicating that a substantial fraction of the material consists of ultrafine 

particles. This high proportion of fine particles suggests that fracture and comminution 

mechanisms dominate during milling, leading to progressive breakdown of larger particles and 

the formation of new surfaces. Despite this strong refinement effect, the size distribution also 

retains a noticeable fraction of intermediate-sized agglomerates in the range of 0.5-1.0 µm, 

which collectively account for approximately 14% of the population. These features likely 

correspond to partially fragmented clusters that have not undergone complete disintegration, 

reflecting the dynamic balance between particle breakage and re-agglomeration processes 

during milling. In contrast, micron-scale agglomerates (>1 µm) represent a relatively small 

fraction of the total population (~19%), with only about 7% exceeding 1.5 µm. These larger 

structures are not primary particles but rather secondary agglomerates, formed through 

mechanisms such as cold welding, mechanical interlocking and repeated plastic deformation 

under high-energy impacts. During ball milling, particles are subjected to cyclic fracture and 

bonding events; while impact forces promote size reduction, they can simultaneously induce 
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localized adhesion between freshly created surfaces, leading to the formation of larger 

aggregates. The presence of a limited but distinct coarse tail in the distribution is therefore 

consistent with this competitive interplay between fragmentation and agglomeration. 

The observed distribution suggests a hierarchical structure, in which fine primary particles or 

crystallites are loosely assembled into secondary agglomerates of varying size. Importantly, 

the relatively low fraction of large agglomerates indicates that these clusters are neither 

dominant nor structurally continuous, but rather exist as isolated entities within an otherwise 

fine particle system. Such a particle size distribution is characteristic of mechanically activated 

ceramic powders, where high-energy milling leads to crystallite refinement, increased defect 

density, and the formation of submicron aggregates, while preserving a limited population of 

larger clusters due to incomplete dispersion or localized re-bonding. This morphology is 

particularly advantageous for subsequent processing steps, as the high fraction of fine particles 

enhances specific surface area and reactivity, while the weakly bound nature of secondary 

agglomerates facilitates their breakdown during dispersion in liquid media or polymer 

matrices. The results confirm that ball milling produces a heterogeneous but predominantly 

fine-grained particle system, governed by a dynamic equilibrium between particle fracture and 

re-agglomeration, which ultimately defines the structural and functional behavior of the 

material. 

4.2.2. XRD analysis of BaZrO3/Y2O3/SrTiO3 nanoparticles 

The X-ray diffraction (XRD) patterns of the commercial BaZrO3 powder and the mechanically 

activated BaZrO3-Y2O3-SrTiO3 system are presented in Figure 4.11. The diffraction data 

clearly demonstrate that the perovskite structure of BaZrO3 remains preserved after ball milling 

at 300 rpm for 30 min, indicating that the applied mechanical activation does not induce phase 

decomposition. The main diffraction maxima corresponding to the (110), (111), (200), (211), 

(220) and (310) planes are observed at approximately 2θ ≈ 30°, 37°, 43°, 54°, 63°, and 71° (Cu 

Kα radiation), which are characteristic of cubic BaZrO3. These reflections are in excellent 

agreement with the standard reference pattern (PDF No. 06-0399, a = 4.193 Å, V = 73.7 Å3). 

The retention of peak positions and relative intensities, together with the absence of additional 

dominant reflections, confirms that the crystal symmetry and phase composition of BaZrO3 are 

largely maintained during milling. 
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Figure 4.11. XRD pattern of BaZrO3 and BaZrO3-Y2O3-SrTiO3 nanoparticles 

Notably, diffraction peaks associated with crystalline Y2O3 (expected at 2θ ≈ 29°, 33.8°, 48.5°, 

and 58°) are not observed within the detection limits of the instrument. This suggests that 

yttrium is not present as a separate, well-crystallized phase, but is instead at least partially 

incorporated into the perovskite lattice. A similar conclusion can be inferred for Sr and Ti 

species, whose contributions are either overlapped with the dominant BaZrO3 reflections or 

distributed within the lattice [219]. Consequently, the material can be described as a 

compositionally modified perovskite system, approximating a (Ba,Sr)(Zr,Ti,Y)O3-type 

structure, although not necessarily representing a fully equilibrated solid solution. From a 

crystallographic standpoint, such substitution is feasible due to the comparable ionic radii of 

the involved cations. Sr2+ (1.44 Å, CN = 12) can substitute for Ba2+ (1.61 Å, CN = 12) at the 

A-site, while Ti4+ (0.605 Å, CN = 6) and Y3+ (0.9 Å, CN = 6) may occupy the B-site positions 

typically held by Zr4+ (0.72 Å, CN = 6) within the octahedral framework. However, the 

incorporation of aliovalent Y3+ ions requires charge compensation, which is most likely 

achieved through the formation of oxygen vacancies and lattice defects, leading to local 

structural distortions. Refinement of the lattice parameters was performed using multiple 

BaZrO3 reflections, assuming cubic symmetry (space group Pm–3m). The refined unit cell 

parameter for the commercial powder was determined as a = 4.192(2) Å (V = 73.68(3) Å3), 

while the milled sample exhibited a slightly increased value of a = 4.196(2) Å (V = 73.88(2) 

Å3). This corresponds to a small but measurable lattice expansion (Δa ≈ 0.004 Å, ~0.1%). The 

shift of the (110) reflection toward lower diffraction angles further supports this observation. 

The observed expansion reflects the competing effects of different cation substitutions. While 

Sr2+ substitution at the A-site and Ti4+ substitution at the B-site would be expected to induce 
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lattice contraction due to their smaller ionic radii, the incorporation of the larger Y3+ ions (0.9 

Å) into Zr4+ sites (0.72 Å) leads to lattice expansion. The experimental results indicate that the 

expansive effect of Y3+ substitution dominates, resulting in a net increase in unit cell volume. 

This behavior is consistent with partial substitution accompanied by defect formation, rather 

than uniform and complete solid-solution formation. While the data strongly suggest 

incorporation of Y3+ into the perovskite lattice, the presence of minor segregated or poorly 

crystalline phases cannot be entirely ruled out. 

The average crystallite size was estimated using the Scherrer equation. The calculation was 

performed using multiple well-resolved BaZrO3 reflections to ensure statistical reliability. The 

commercial BaZrO3 exhibited an average crystallite size of 78(3) nm, while the milled sample 

showed a reduced size of 69(2) nm, indicating that mechanical activation leads to moderate 

crystallite refinement. It should be emphasized that the crystallite size obtained from the 

Scherrer equation represents the size of coherent diffraction domains, and is influenced by both 

finite crystallite size and microstrain-induced peak broadening. Therefore, the observed 

reduction in crystallite size likely reflects a combination of domain refinement and defect-

induced lattice distortion, rather than purely geometric size reduction. 

XRD results demonstrate that ball milling induces defect-assisted structural modification 

within a stable perovskite framework, rather than phase transformation. The slight lattice 

expansion, peak broadening, and reduction in crystallite size collectively indicate partial cation 

substitution and increased defect density. These changes suggest the formation of a non-

equilibrium, defect-rich perovskite structure, rather than a fully homogenized thermodynamic 

solid solution, highlighting the structural robustness and defect tolerance of BaZrO3 under 

mechanical activation conditions. 

4.2.3. SEM analysis of PEI-BaZrO3/Y2O3/SrTiO3 composites 

Scanning electron microscopy (SEM) was employed to examine the surface morphology of the 

PEI-BaZrO3/Y2O3/SrTiO3 composite films in order to assess filler dispersion, interfacial 

compatibility, and overall microstructural uniformity after solution casting (Figure 4.12.). At 1 

wt% loading (PEI-BaZrO3/Y2O3/SrTiO3(1wt%)), the composite exhibits a highly 

homogeneous microstructure, characterized by a uniform distribution of ceramic domains 

within the continuous PEI matrix. The filler-rich regions are spatially separated and well 

embedded, with no evidence of large-scale clustering, phase segregation, or formation of 

interconnected particle networks. The dispersed features are predominantly within the 

submicron range, which is consistent with the particle size distribution of the starting powder 

described in Section 4.2.1., indicating that the dispersion process preserves the refined 

morphology achieved by ball milling [220]. At 3 wt% loading, particles are much denser, with 

more agglomerates formed (Figure 4.13.). 
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Figure 4.12. Surface SEM image and agglomerate size distribution in of PEI-

BaZrO3/Y2O3/SrTiO3(1wt%) 

 

  

Figure 4.13. Surface SEM image and agglomerate size distribution in of PEI-

BaZrO3/Y2O3/SrTiO3(3wt%) 

Quantitative image analysis further confirms this observation (Figures 4.12. and 4.13.). The 

agglomerate size distribution is moderately right-skewed, with a median diameter of 

approximately 0.39 µm, reflecting a system dominated by fine particles with a limited 

contribution from larger agglomerates. The majority of particles (approximately 62.8%) fall 

within the 0.20-0.50 µm range, while an additional 14.4% are smaller than 0.20 µm. In contrast, 

only 13.1% of agglomerates exceed 1 µm, and a negligible fraction (2.4%) is larger than 2 µm. 

This distribution indicates that extensive agglomeration is effectively suppressed at low filler 

loading, resulting in a well-dispersed system with minimal structural heterogeneity. 

Such a morphology suggests that the processing route, particularly solution mixing and casting, 

enables efficient particle wetting and stabilization within the polymer matrix, preventing 

extensive particle-particle interactions. The few larger agglomerates observed are most likely 

the result of localized clustering of fine particles, rather than systematic phase separation or 

processing-induced defects. The absence of voids, cracks or interfacial discontinuities indicates 
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good adhesion between the ceramic phase and the PEI matrix, which is essential for effective 

load transfer in composite systems. 

In contrast, the composite containing 3 wt% BaZrO3/Y2O3/SrTiO3 (PEI-

BaZrO3/Y2O3/SrTiO3(3wt%)) displays a broader and more pronounced right-skewed particle 

size distribution (Figure 4.13., indicating an increased contribution of larger agglomerates. 

Although submicron particles remain the dominant population, their relative fraction decreases 

compared to the 1 wt% system. Specifically, the proportion of particles in the 0.20-0.50 µm 

range drops to 38.8%, while the fractions in the 0.50-1.00 µm and 1.00-2.00 µm ranges increase 

to 26.3% and 18.5%, respectively. Notably, the population of agglomerates larger than 2 µm 

increases significantly to 11.3%, reflecting the formation of more pronounced secondary 

clusters. This shift is also reflected in the increase of the median agglomerate size to 

approximately 0.60 µm, as well as the extension of the upper quartile beyond 1 µm. These 

changes indicate that particle-particle interactions become more significant at higher filler 

loadings, promoting re-agglomeration through mechanisms such as van der Waals attraction, 

mechanical interlocking, and residual surface energy effects. Despite this increase in 

agglomerate size, the overall microstructure remains relatively uniform at the microscale. 

Importantly, no large continuous aggregates, percolated particle networks, or macroscopically 

segregated regions are observed. This suggests that agglomeration remains localized and 

discontinuous, rather than forming a continuous secondary phase that could compromise 

structural integrity. Furthermore, the absence of interfacial voids, cracks or particle pull-out 

features indicates that matrix-filler adhesion remains sufficient even at elevated filler content. 

The polymer matrix continues to effectively wet and anchor the ceramic particles, maintaining 

interfacial cohesion and preventing debonding under processing conditions. 

The transition from the finely dispersed system at 1 wt% to the broader distribution at 3 wt% 

reflects a competition between dispersion forces and interparticle interactions. At lower 

concentrations, the polymer matrix effectively isolates individual particles, promoting uniform 

dispersion. At higher concentrations, increased particle proximity enhances the likelihood of 

contact and clustering, leading to partial agglomeration. However, since no percolation 

threshold or large-scale aggregation is reached, the composite retains its overall homogeneity. 

4.2.3. FTIR analysis of PEI-BaZrO3/Y2O3/SrTiO3 composites 

The FTIR spectrum of the PEI-BaZrO3/Y2O3/SrTiO3 composite (Figure 4.13.) was analyzed to 

evaluate potential chemical interactions between the polymer matrix and the incorporated 

BaZrO3/Y2O3/SrTiO3 ceramic phase. The spectrum retains all absorption bands of 

polyetherimide, indicating that the introduction of ceramic nanoparticles does not alter the 

chemical structure of the PEI backbone. 



74 

 

 

Figure 4.12. FTIR spectrums of nanoparticles and PEI-based composite 

The most prominent features of PEI, namely the imide carbonyl stretching vibrations, are 

clearly preserved in the composite. The strong bands located at approximately 1779 cm-1 and 

1715 cm-1, corresponding to asymmetric and symmetric C=O stretching of the imide group, 

remain unchanged in both position and intensity. This confirms that the imide ring structure 

remains intact after composite processing. Similarly, other characteristic PEI bands, including 

aromatic C=C stretching (~1597 cm-1), C–N stretching (~1350 cm-1), and ether C–O–C 

vibrations (~1232 cm-1), are clearly observed, further supporting the chemical stability of the 

polymer matrix [45]. 

In contrast to the unchanged polymer-related bands, additional absorption features appear in 

the composite spectrum, particularly in the low-wavenumber region, which can be attributed 

to the ceramic phase. These bands are absent in neat PEI and therefore serve as direct evidence 

of filler incorporation. Specifically, the band observed around 1450 cm-1 is associated with Ba–

O vibrations, while the peak near 527 cm-1 corresponds to Zr–O and mixed metal–oxygen 

lattice vibrations characteristic of perovskite-type oxides. The presence of these bands confirms 

that the BZYS particles are successfully embedded within the polymer matrix and remain 

structurally intact after composite formation. No new absorption bands are detected, nor are 

there any significant shifts or broadening of the characteristic PEI peaks. This indicates that no 

chemical bonding or strong interfacial reactions occur between PEI and the ceramic phase. 

Instead, the interaction between the matrix and the filler is predominantly physical, likely 

governed by van der Waals forces and interfacial adhesion. This observation is consistent with 

the SEM analysis, which showed good dispersion and interfacial contact without evidence of 

chemical modification [221]. 
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From a structure-property perspective, the absence of chemical interaction implies that the 

reinforcement mechanism in PEI-BaZrO3/Y2O3/SrTiO3 composites is primarily related to 

mechanical interlocking and interfacial constraint, rather than covalent bonding. At the same 

time, the preservation of the polymer’s chemical structure ensures that its intrinsic thermal and 

chemical stability are maintained. 

 

Table 4.8. Assignment of characteristic FTIR bands in PEI-BaZrO3-Y2O3-SrTiO3(3wt%) 

composite 

Wavenumber (cm-1) Assignment Origin 

~1779 Asymmetric C=O stretching (imide) PEI 

~1715 Symmetric C=O stretching (imide) PEI 

~1597 Aromatic C=C stretching PEI 

~1450 Ba–O vibration BZYS 

~1350 C–N stretching PEI 

~1232 C–O–C (ether) stretching PEI 

~527 Zr–O / mixed metal–O vibrations BaZrO3/Y2O3/SrTiO3 

 

4.2.4. Thermal analysis of PEI-BaZrO3/Y2O3/SrTiO3 composites 

Differential scanning calorimetry (DSC) thermograms of neat PEI and PEI-

BaZrO3/Y2O3/SrTiO3 composites are presented in Figure 4.13., and the extracted thermal 

parameters are summarized in Table 4.9. All samples exhibit a single, well-defined glass 

transition step during the first heating cycle, without the presence of melting or crystallization 

peaks within the investigated temperature range. This confirms that the polymer matrix remains 

predominantly amorphous, even after the incorporation of ceramic fillers. The glass transition 

temperature (Tg), determined from the midpoint of the heat flow inflection, increases 

systematically with filler addition. For neat PEI, Tg is observed at 202.0 °C, while the 

composites containing 1 wt% and 3 wt% BaZrO3/Y2O3/SrTiO3 show elevated values of 210.4 

°C and 212.0 °C, respectively. This shift toward higher temperatures indicates a progressive 

restriction of polymer chain mobility induced by the presence of ceramic particles. 
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Figure 4.13. DSC analysis of PEI and PEI-BaZrO3/Y2O3/SrTiO3 nanocomposites 

The relatively large increase in Tg at 1 wt% loading (+8.4 °C) suggests that even small amounts 

of BaZrO3/Y2O3/SrTiO3 nanoparticles significantly influence the segmental dynamics of the 

polymer. This behavior can be attributed to the formation of an interfacial immobilized layer, 

where polymer chains in close proximity to the particle surface experience reduced mobility 

due to physical interactions and spatial confinement. Such interphase regions effectively 

decrease the local free volume and hinder cooperative molecular motions, thereby increasing 

the thermal energy required for the glass transition. In contrast, further increasing the filler 

content from 1 wt% to 3 wt% results in only a modest additional increase in Tg (+1.6 °C). This 

behavior suggests the onset of a saturation effect, where the fraction of immobilized polymer 

chains does not increase proportionally with filler content. Two factors may contribute to this 

trend. First, at higher loadings, partial agglomeration of particles, observed in SEM analysis, 

reduces the effective interfacial surface area available for polymer-particle interaction. Second, 

the interphase regions may begin to overlap, limiting the extent to which additional filler can 

further constrain chain mobility. The absence of additional thermal transitions confirms that 

the ceramic particles do not induce crystallization in PEI, which is consistent with its inherently 

amorphous nature. Instead, the reinforcement mechanism is governed by physical confinement 

and interfacial effects, rather than nucleation-driven structural changes. 
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Table 4.9. Glass transition temperatures of PEI and PEI-BaZrO3/Y2O3/SrTiO3 composites 

Sample BZYS content (wt%) Tg (°C) ΔTg (°C) 

PEI 0 202.0 – 

PEI-BaZrO3/Y2O3/SrTiO3(1wt%) 1 210.4 +8.4 

PEI-BaZrO3/Y2O3/SrTiO3(3wt%) 3 212.0 +10.0 

 

Overall, DSC analysis demonstrates that the incorporation of BZYS nanoparticles leads to a 

significant enhancement in thermal resistance, primarily through interfacial confinement of 

polymer chains, with diminishing incremental effects at higher filler loadings due to partial 

interphase saturation and reduced effective dispersion [222]. 

4.2.5. Time-resolved laser-induced fluorescence 

Time-resolved laser-induced fluorescence analysis shows that both neat PEI and PEI-

BaZrO3/Y2O3/SrTiO3(3wt%) nanoparticle composites exhibit a broad emission band in the 

blue-green region, mainly between ~430 and 550 nm (Figure 4.14.). However, the PEI-

BaZrO3/Y2O3/SrTiO3(3wt%) composite displays a noticeably stronger emission intensity than 

neat PEI, indicating that the incorporation of BaZrO3/Y2O3/SrTiO3 nanoparticles enhances the 

fluorescence response. The stronger emission intensity observed for the PEI-

BaZrO3/Y2O3/SrTiO3 composite is expected, considering the intrinsically high luminescence 

activity of BaZrO3-based perovskite oxides. BaZrO3 can exhibit defect-related 

photoluminescence associated with oxygen vacancies, lattice distortions, and localized 

electronic states within the perovskite structure. The mechanically activated perovskite-based 

particles likely contain oxygen vacancies, lattice distortions, and surface defect states, all of 

which can participate in excitation trapping and delayed radiative emission. 

  

(a) PEI 

 

(b) PEI-BaZrO3/Y2O3/SrTiO3(3wt%) 

  
 

Figure 4.14. Streak images of (a) PEI and (b) PEI-BaZrO3/Y2O3/SrTiO3(3wt%) fluorescence 

4.2.6. Cytotoxicity evaluation of PEI-BaZrO3/Y2O3/SrTiO3 composites 

The cytotoxicity of the PEI-BaZrO3/Y2O3/SrTiO3 composite was assessed using an indirect 

extract assay (ISO 10993-5) on L929 fibroblasts, and the results indicate a concentration-
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dependent biological response governed by the amount of leachable species present in the 

conditioned medium (Figures 4.15.-4.17.). Overall, the composites exhibit acceptable 

biocompatibility upon dilution, while the undiluted extract represents a more demanding 

exposure condition. At 100% extract, a reduction in cell viability is observed for the BaZrO3-

containing sample compared to neat PEI, indicating that the highest concentration of 

extractable species can transiently affect cell metabolic activity. However, upon dilution (e.g., 

50% and 25%), cell viability increases markedly, approaching or exceeding the commonly 

accepted cytocompatibility threshold (≥70%), which confirms that the material does not induce 

persistent or severe cytotoxic effects under physiologically relevant exposure conditions. 

Quantitative results show that neat PEI maintains high cell viability across all conditions (~83–

89%), confirming its baseline cytocompatibility (Figure 4.15.). The composite exhibits a more 

pronounced decrease at 100% extract (~46% viability), corresponding to moderate cytotoxicity 

(index 2). However, this effect is not sustained: at 50% extract, viability increases to ~71%, 

and at 25% it reaches ~90%, both corresponding to non-cytotoxic behavior (index 0). This 

rapid recovery strongly suggests that the biological response is governed by dose-dependent 

exposure, rather than permanent material-induced damage. 

This behavior can be rationalized by considering both material chemistry and processing-

related factors. From a chemical standpoint, BaZrO3 is widely regarded as a bioinert ceramic, 

and therefore the observed effects are unlikely to arise from intrinsic toxicity of the oxide itself. 

Instead, the initial reduction in viability at high extract concentration is more plausibly 

associated with residual low-molecular-weight species, such as traces of solvent, unreacted 

processing components or minor ionic species released from the composite surface [223]. 

These species are readily diluted in the surrounding medium, which explains the rapid recovery 

of cell viability with decreasing extract concentration. However, the absence of sustained 

cytotoxic effects upon dilution indicates that the PEI-BaZrO3/Y2O3/SrTiO3 system 

demonstrates good cytocompatibility under realistic conditions, particularly when considering 

that in practical applications, direct exposure to undiluted extract is unlikely. Furthermore, the 

results are consistent with literature reports describing BaZrO3-based materials as suitable for 

biomedical applications due to their chemical stability and low biological reactivity. 
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Figure 4.15. Cytotoxic effect of PEI and PEI-BaZrO3/Y2O3/SrTiO3(1wt%) on L929 cells upon 

the direct contact – quantitative assessment of the cytotoxic effect calculated by measuring 

the percentage of non-viable, based on which the indexes of cytotoxicity were assigned. 

Range of reference values: 0- absence of cytotoxicity (undetectable or basal cytotoxicity 

which is detected in the negative control); 1- discrete cytotoxicity (less than 20% of lysed 

(non-viable) cells); 2- mild cytotoxicity (20 - 40% of lysed (non-viable) cells); 3- moderate 

cytotoxicity (>40% - <60% of lysed (non-viable) cells); 4- serious cytotoxicity (>60% - 

<80% of lysed (non-viable) cells); 5- pronounced cytotoxicity (>80% of lysed (non-viable) 

cells). 

 

From a structure-property-biological perspective, the findings highlight the importance of 

microstructural homogeneity and processing control. While the mechanical properties benefit 

from increased filler content and localized reinforcement, excessive or non-uniform filler 

accumulation may influence surface-mediated biological interactions. Therefore, ensuring 

uniform dispersion and minimizing sedimentation effects are essential not only for mechanical 

performance but also for achieving consistent biological behavior [224]. 
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Figure 4.16. Cytotoxic effect of media conditioned with PEI and PEI-

BaZrO3/Y2O3/SrTiO3(1wt%) on L929 cells based on metabolic activity of cells in an indirect 

assay (MTT). A)  Cell viability is represented as a percentage of the absorbance value of the 

negative control culture, which was arbitrarily assigned a viability value of 100%. Results are 

presented as mean ± SD of three independent experiments and statistical significance was 

determined using the Student t-test. B) Index of cytotoxicity was defined according to 

reference range: 0 - absence of cytotoxicity (0-30% decrease in viability compared to control 

(100%)); 1 - discrete cytotoxicity (30%-50% decrease in viability compared to control); 2 - 

moderate cytotoxicity 50%-75% decrease in viability compared to control); 3 - pronounced 

cytotoxicity (75%-100% decrease in viability compared to the control). 
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Figure 4.17. Cytotoxic effect of media conditioned with PEI and PEI-

BaZrO3/Y2O3/SrTiO3(1wt%) on L929 cells based on metabolic activity of cells in an indirect 

assay (MTT) presented as optical density (O.D.) values obtained on 570 nm. Data are 

presented as Mean±SD for hexaplicates of treated cells in the culture 

 

Table 4.10. Cytotoxicity assesment 

 
*Viability of cells upon the treatment with PEI and PEI – 1% BZO conditioned media on L929 cells based on 

metabolic activity of cells in an indirect assay (MTT). Percentages of cell viability were calculated using the 

average values of obtained optical densities at 570 nm of different dilutions of conditioned media and negative 

control, each in hexaplicates. Index of cytotoxicity was defined according to reference range: 0 - absence of 

cytotoxicity (0-30% decrease in viability compared to control (100%)); 1 - discrete cytotoxicity (30%-50% 

decrease in viability compared to control); 2 - moderate cytotoxicity 50%-75% decrease in viability compared to 

control); 3 - pronounced cytotoxicity (75%-100% decrease in viability compared to the control) [225]. 

Morphological observations further support the conclusion that no severe cytotoxic 

mechanisms are activated Figures 4.18.-4.20.). Cells exposed to the composite extracts retain 

their characteristic fibroblastic morphology, with no evidence of widespread membrane 

disruption, apoptosis, or loss of adhesion comparable to positive controls. This indicates that 

 Negative control Positive control PEI PEI-

BaZrO3/Y2O3/SrTiO3(1wt

%) 

Treatme

nt 

Cell 

viability 

(%) 

Index of 

cytotoxic

ity 

Cell 

viabilit

y (%) 

Index of 

cytotoxicit

y 

Cell 

viabilit

y (%) 

Index of 

cytotoxicit

y 

Cell 

viability 

(%) 

Index of 

cytotoxicity 

100% 100 0 1 3 83.2 0 46.0 2 

50 % 100 0 1 3 86.8 0 71.2 0 

25 % 100 0 2 3 88.6 0 90.3 0 
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the material does not induce irreversible cellular damage, but rather transient metabolic 

suppression at high exposure levels. 

 

 

 
 

Figure 4.18. The effect of PEI and PEI-BaZrO3/Y2O3/SrTiO3(1wt%) on the morphology and 

phenotype of L929 cells. Morphological and intracellular changes of cells treated with the 

PEI and PEI-BaZrO3/Y2O3/SrTiO3(1wt%) for 24 h were determined without staining on live 

cells in the culture (Zoe Fluorescent Cell Imaging System [Bio-Rad, CA, United States], 

200× magnification). 
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Figure 4.19. The effect of PEI and PEI-BaZrO3/Y2O3/SrTiO3(1wt%) on the morphology and 

phenotype of L929 cells. Morphological and intracellular changes of cells treated with PEI 

and PEI-BaZrO3/Y2O3/SrTiO3(1wt%) for 24 h were determined by propidium iodide staining 

and subsequent fluorescent microscopy (Axio Imager, Carl Zeiss microscope, 400× 

magnification) (apoptotic nuclei and stopped cell division are indicated by white arrows on 

positive controls). Representative micrographs are shown. 

 

In summary, PEI-BaZrO3/Y2O3/SrTiO3 composites exhibit a dose-dependent cytotoxicity 

response, with reduced viability only at the highest extract concentration and excellent recovery 

upon dilution. The results confirm that the material is cytocompatible under standard 

conditions, while also emphasizing that local variations in filler distribution can influence the 

biological response and should be carefully controlled in future studies. 
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Figure 4.20. The effect of PEI and PEI-BaZrO3/Y2O3/SrTiO3(1wt%) on the morphology and 

phenotype of L929 cells. 

 

Cells were cultivated on cover slips until they reached the confluency, fixed in 4% 

paraformaldehyde and stained with Mayer’s Hematoxylin followed by the analyses under the 

light microscope (Axio Imager, Carl Zeiss, 200x magnification) (apoptotic nuclei are indicated 

by white arrows on positive controls).  

In summary, the PEI-BaZrO3/Y2O3/SrTiO3 composites exhibit a dose-dependent cytotoxicity 

response, with reduced viability only at the highest extract concentration and excellent recovery 

upon dilution. The results confirm that the material is cytocompatible under standard 

conditions, while also emphasizing that local variations in filler distribution can influence the 

biological response and should be carefully controlled in future studies. 

 

 

4.2.7. Microhardness analysis of PEI-BaZrO3/Y2O3/SrTiO3 composites 

Microhardness results (Figure 4.21.) clearly demonstrate a substantial strengthening effect 

induced by the incorporation of BaZrO3/Y2O3/SrTiO3 particles into the PEI matrix. A 

systematic increase in hardness is observed with increasing filler content, highlighting the 

strong dependence of surface mechanical response on reinforcement loading. Compared to neat 
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PEI, the composite containing 1 wt% BaZrO3/Y2O3/SrTiO3 exhibits an increase in hardness of 

approximately 40%, while further addition to 3 wt% results in an enhancement of about 83%, 

indicating highly efficient reinforcement within a relatively low filler concentration range 

[226]. 

 

Figure 4.21. Microhardness of PEI and PEI-BaZrO3/Y2O3/SrTiO3 

This pronounced improvement can be directly correlated with the microstructural 

characteristics revealed by SEM analysis. At 1 wt% loading, the particles are predominantly 

dispersed in the submicron range, forming well-separated domains within the polymer matrix. 

Such a morphology enables effective reinforcement through two primary mechanisms, 

localized restriction of polymer chain mobility in the vicinity of the filler surface and enhanced 

stress transfer across the particle-matrix interface. The relatively uniform dispersion ensures 

that these effects are distributed throughout the material, leading to a measurable increase in 

hardness. At 3 wt% loading, the highest hardness values are achieved, which is consistent with 

the increased number density of reinforcing domains. The SEM results indicate a broader 

particle size distribution at this loading, including a higher fraction of submicron-to-micron-

scale agglomerates. Despite this, the dispersion remains sufficiently homogeneous, and no 

continuous particle networks or large-scale aggregates are formed. The presence of a greater 

number of rigid ceramic domains leads to increased local constraint of the polymer matrix, 

thereby enhancing resistance to indenter penetration. In this regime, load transfer is further 

improved by the closer proximity of particles, which facilitates stress sharing between adjacent 

reinforcement sites. Although some degree of agglomeration is observed at higher filler 

content, the fraction of large clusters remains limited. This indicates that the system does not 

exceed a critical threshold at which aggregation would introduce stress concentrations or 

structural defects. Instead, the microstructure maintains a balance between particle dispersion 
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and controlled agglomeration, which appears to be beneficial for mechanical performance. 

Despite the lack of chemical bonding, DSC results reveal a significant increase in glass 

transition temperature, particularly at low filler loading. This behavior indicates the formation 

of an interfacial immobilized layer, where polymer chains experience reduced mobility due to 

spatial confinement and interaction with the rigid particle surface. The pronounced Tg shift at 

1 wt%, followed by a more modest increase at 3 wt%, suggests that the interfacial region 

becomes partially saturated at higher filler content, consistent with the onset of particle 

clustering observed in SEM. This interfacial constraint mechanism is directly reflected in the 

mechanical performance of the composites. Microhardness measurements show a strong and 

nearly linear increase with filler content. The enhancement arises from a combination of 

factors: the intrinsic stiffness of the ceramic phase, efficient stress transfer enabled by uniform 

dispersion, and restricted polymer chain mobility within the interphase. At higher loading, the 

increased number density of rigid domains further enhances resistance to deformation, while 

controlled agglomeration contributes to load sharing without introducing detrimental stress 

concentrations. Statistical analysis further supports the significance of these findings. 

One-way ANOVA confirms that the differences in hardness among the investigated 

compositions are statistically significant (p < 0.05). Post hoc Tukey analysis reveals significant 

differences between neat PEI and both composite systems (PEI-BaZrO3/Y2O3/SrTiO3(1wt%) 

and PEI-BaZrO3/Y2O3/SrTiO3(3wt%)), confirming that even low levels of 

BaZrO3/Y2O3/SrTiO3 incorporation lead to measurable and reliable improvements in 

mechanical performance. The enhancement in microhardness can be attributed to a synergistic 

combination of factors, including increased filler content, effective dispersion of submicron 

particles, and the presence of controlled agglomerates that contribute to load-bearing capacity 

without compromising structural uniformity. These features collectively promote efficient 

stress transfer and restrict localized deformation, resulting in improved surface mechanical 

performance. From a broader perspective, although the present study focuses on a PEI matrix, 

the underlying reinforcement mechanism, based on ceramic reinforcements, interfacial 

constraint and defect-tolerant perovskite fillers, is not system-specific. 

The combined results obtained from structural, morphological, thermal, mechanical, and 

optical analyses provide a consistent and complementary understanding of the behavior of PEI-

BaZrO3/Y2O3/SrTiO3 composites across multiple length scales. At the powder level, ball 

milling produces a predominantly submicron particle system with a right-skewed size 

distribution, where fine particles dominate and only a limited fraction of larger agglomerates 

is present [227]. XRD analysis confirms that these particles retain the cubic perovskite BaZrO3 

structure, while undergoing slight lattice expansion and crystallite refinement due to partial 

cation substitution and defect formation. This results in a defect-modified, structurally stable 

ceramic phase, suitable for reinforcement purposes. When incorporated into the PEI matrix, 

SEM analysis shows that this powder morphology translates into a well-dispersed composite 

microstructure, particularly at low filler loading. At 1 wt% BaZrO3/Y2O3/SrTiO3 particles 

remain predominantly in the submicron range and are uniformly distributed within the polymer, 

ensuring effective stress transfer and minimal structural heterogeneity. Increasing the loading 

to 3 wt% leads to a broader particle size distribution and a higher fraction of micron-scale 

agglomerates, reflecting enhanced particle-particle interactions. However, the absence of 

continuous aggregates or phase-separated domains indicates that dispersion remains 

sufficiently homogeneous, with agglomeration confined to localized regions. These results 

demonstrate that the reinforcement of PEI by BaZrO3/Y2O3/SrTiO3 particles is governed by a 

multiscale synergistic mechanism. Overall, the PEI-BaZrO3/Y2O3/SrTiO3 composites exhibit 

a well-balanced combination of properties, where controlled dispersion, defect-engineered 

fillers and interfacial confinement act together to enhance composite performance. This makes 

the material particularly promising for applications requiring a combination of mechanical 
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robustness, thermal stability and tailored optical properties, such as advanced coatings, 

structural components and functional polymer-based systems.  

4.3. Comparison of PEI-ZrO2 and PEI-BaZrO3/Y2O3/SrTiO3 composites 

A comparison between PEI composites reinforced with ZrO2 nanofibers and those containing 

BaZrO3/Y2O3/SrTiO3 particles reveals important differences in reinforcement mechanisms, 

interfacial behavior, and resulting properties. Table 4.11. summarized the main differences 

between two types of novel composites presented in this dissertation. 

From a morphological analysis, the most evident distinction arises from filler geometry. ZrO2 

is introduced in the form of high-aspect-ratio nanofibers, whereas BaZrO3/Y2O3/SrTiO3 is 

present as submicron, irregularly shaped particles or agglomerates. As a result, PEI–ZrO₂ 

composites exhibit a more anisotropic reinforcing architecture, where fibers can form a quasi-

continuous load-bearing network even at relatively low concentrations. In contrast, PEI-

BaZrO3/Y2O3/SrTiO3 composites rely on particle-based reinforcement, where stress transfer 

occurs through discrete filler-matrix interfaces and localized interphase regions. This 

difference in morphology directly influences the mechanical response. The PEI-ZrO2 

composites show extremely pronounced increases in hardness and modulus, driven by efficient 

load transfer along the fiber length and the ability of fibers to bridge deformation zones. On 

the other hand, PEI-BaZrO3/Y2O3/SrTiO3 composites also exhibit significant strengthening, 

but the mechanism is more dependent on particle dispersion, interfacial constraint, and filler 

concentration. While BaZrO3/Y2O3/SrTiO3 particles increase hardness through local stiffening 

and chain restriction, they do not provide the same level of stress redistribution as fibrous 

reinforcements. 

From a thermal perspective, both composite systems show an increase in glass transition 

temperature (Tg), indicating restricted polymer chain mobility. However, the magnitude and 

origin of this effect differ slightly. In PEI-ZrO2 composites, the high surface area and extended 

geometry of nanofibers promote a more continuous interfacial region, potentially leading to 

stronger confinement effects. In PEI-BaZrO3/Y2O3/SrTiO3 composites, the Tg increase is 

significant at low loading but tends to saturate at higher concentrations, reflecting the limited 

effective interfacial area due to partial agglomeration. This highlights the importance of filler 

dispersion and accessible surface area, rather than simply filler content. 

Structurally, the fillers themselves differ in complexity. ZrO2 is a relatively simple oxide 

system, whereas BaZrO3/Y2O3/SrTiO3 represents a multicomponent, defect-engineered 

perovskite. XRD analysis of BaZrO3/Y2O3/SrTiO3 indicates partial cation substitution and 

lattice distortion, resulting in a defect-rich structure that may influence interfacial interactions 

and surface energy. While this does not lead to chemical bonding (as confirmed by FTIR), it 

may contribute to improved compatibility and interaction at the polymer-filler interface 

compared to single-component oxides [228,229]. Finally, from a processing and dispersion 

perspective, the two systems exhibit different challenges. ZrO2 nanofibers, while highly 

effective mechanically, may be more difficult to disperse uniformly due to entanglement and 

alignment tendencies. In contrast, BaZrO3/Y2O3/SrTiO3 particles, although prone to partial 

agglomeration at higher loadings, can be more easily dispersed at low concentrations and offer 

greater flexibility in tuning composite composition. 
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Table 4.11. Comparison of PEI-ZrO2 and PEI-BaZrO3/Y2O3/SrTiO3 composites 

 

Feature PEI-ZrO2 composites PEI-BaZrO3/Y2O3/SrTiO3 

composites 

Filler type ZrO2 (single oxide) BaZrO3/Y2O3/SrTiO3 

(multicomponent perovskite) 

Filler morphology Nanofibers (high aspect ratio, 

anisotropic) 

Submicron 

particles/agglomerates (quasi-

spherical, isotropic) 

Reinforcement 

mechanism 

Fiber bridging, load transfer 

along fiber length, network 

formation 

Particle reinforcement, 

interfacial constraint, localized 

stress transfer 

Dispersion behavior Potential fiber entanglement, but 

good distribution achievable 

Uniform at low loading; partial 

agglomeration at higher loading 

Microstructural 

evolution (↑ 

loading) 

Increased fiber density, potential 

alignment effects 

Broader size distribution, 

increased secondary 

agglomerates 

Interfacial 

interaction 

Predominantly physical; large 

interfacial area due to fiber 

geometry 

Predominantly physical; 

interphase formation limited by 

agglomeration 

Thermal behavior 

(Tg) 

Slight increase due to strong 

interfacial confinement 

Pronounced Tg increase at low 

loading; saturation at higher 

content 

Crystallinity 

(polymer) 

Remains amorphous Remains amorphous 

Mechanical 

improvement 

Very high (strong increase in 

hardness/modulus) 

Significant but lower than fiber 

system; increases with loading 

Reinforcement 

efficiency 

High at low loading due to fiber 

aspect ratio 

Dependent on dispersion and 

particle distribution 

Optical properties Reduced transparency due to 

anisotropic scattering by fibers 

Reduced transparency due to 

particle scattering and refractive 

mismatch 

Scattering 

mechanism 

Directional (fiber-induced) 

scattering 

Diffuse scattering from size 

distribution and agglomerates 

Structural 

complexity (filler) 

Relatively simple oxide Defect-engineered perovskite 

with cation substitution 

Defect contribution Limited (pure oxide) Significant (lattice distortion, 

vacancies, substitution effects) 

Processing 

sensitivity 

Sensitive to fiber 

alignment/entanglement 

Sensitive to agglomeration at 

higher loadings 
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5. CONCLUSIONS  

This doctoral dissertation successfully demonstrates the potential of utilizing advanced ceramic 

nanofillers, specifically electrospun zirconia (ZrO2) nanofibers and hybrid 

BaZrO3/Y2O3/SrTiO3 nanoparticles, as high-performance reinforcements for a polyetherimide 

(PEI) matrix. The study focused on understanding how reinforcement morphology (nanofibers 

vs. hierarchical particle agglomerates), filler content, dispersion quality, and interfacial 

interactions influence structural, thermal, mechanical, optical and biological 

properties.Through the integration of FESEM, XRD, FTIR, DSC, microindentation, 

nanoscratch testing, UV-Vis spectroscopy and cytotoxicity assays, this thesis establishes a 

comprehensive structure-property-processing relationship, demonstrating how processing 

conditions and reinforcement design govern composite performance. In light of the conducted 

research, the following conclusions are established: 

 

• Two distinct reinforcement strategies were successfully implemented within the PEI 

matrix: high-aspect-ratio zirconia nanofibers and nanostructured BaZrO3/Y2O3/SrTiO3 

hybrid ceramic agglomerates. This dual approach enabled a direct comparison between 

anisotropic fiber reinforcement and particle-based hierarchical reinforcement, 

providing a comprehensive framework for evaluating morphology-dependent 

strengthening mechanisms. 

• Electrospinning followed by thermal treatment proved to be an effective method for 

producing continuous zirconia nanofibers, which were subsequently fragmented into 

whisker-like structures through ultrasonication. These high-aspect-ratio fragments 

retained sufficient geometry to enable efficient stress transfer, while their reduced 

length improved dispersion within the polymer matrix. 

• Mechanochemical processing of BaZrO3, Y2O3 and SrTiO3 resulted in the formation of 

defect-modified, nanostructured ceramic agglomerates composed of nanoscale 

crystallites. Structural analysis confirmed preservation of the perovskite phase with 

slight lattice distortion, indicating partial cation substitution and defect formation rather 

than complete solid-solution equilibrium. 

• In PEI-ZrO2 composites, reinforcement efficiency was significantly higher, with 

hardness increases exceeding 140% at low filler loading. This demonstrates that high-

aspect-ratio whisker-like structures provide more effective stress transfer and 

deformation resistance compared to particle-based systems, confirming the dominant 

role of reinforcement geometry. 

• In PEI-BaZrO3/Y2O3/SrTiO3 composites, the most significant improvement in 

mechanical performance was achieved at 3 wt% loading, where microhardness 

increased by approximately 83%. This enhancement is attributed to a combination of 

uniform submicron particle dispersion, increased filler density, and interfacial 

constraint of polymer chain mobility. 

• A direct correlation between microstructure and mechanical performance was 

established. The most effective reinforcement occurred in systems where fillers were 

well dispersed and acted as distributed load-bearing elements, whereas excessive 

agglomeration led to reduced efficiency due to local stress concentration and 

heterogeneity. 

• It was established that the biological response of the composites is concentration-

dependent. While moderate cytotoxicity was observed at full extract concentration, cell 



90 

 

viability recovered significantly upon dilution, indicating that the materials are 

cytocompatible under realistic conditions. The observed response is attributed to 

extractable species rather than intrinsic material toxicity. 

• This thesis demonstrates that hybrid reinforcement strategies combining controlled 

morphology, defect-engineered ceramic systems, and optimized dispersion can 

significantly enhance the performance of polymer composites. The findings provide a 

foundation for the design of next-generation multifunctional materials for dental and 

biomedical applications. 
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