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INTRODUCTION 

In recent years, there has been significant interest in the development of 

composites using natural fibers reinforced with polymer matrices. Natural fiber hybrid 

composites (NFCs) are a class of materials that combine natural fibers reinforcement 

with a polymer resin matrix [1]. These materials have gained attention for their ability 

to absorb carbon dioxide, reducing environmental pollution, and their emission of no 

harmful gases [2, 3]. Natural fibers offer numerous advantages over synthetic fibers, 

such as biocompatibility [4], low cost [5], high strength [6], and low environmental 

impact [7]. The potential use of natural fibers in the global market is projected to 

increase at a compound annual growth rate of 9.4% from 2017 to 2022, especially 

lingocellulosic fibers, including banana, pineapple, hemp, flax, sisal, kneaf, and jute, 

have emerged as potential substitutes for traditional glass fibers [8]. Various 

industries, including construction, biomedical, automotive, microfluidics, energy, 

marine, and military sectors, utilize natural fiber composites [9]. For instance, in the 

microfluidcs sector, natural fiber composites used to produce lightweight parts, such 

as cell culture, drug delivery, and point-of-care diagnostics [10]. However, due to their 

complexity, they were not designed in the current research. 

In general, composite materials are often composed of two or more constituent 

materials, such as a matrix and reinforcement. The reinforcement is bound by a matrix, 

which acts as a binding substance [11]. The materials that are included in the matrix 

are known as reinforcements [12], and they provide composite with extra strength 

[13]. The importance of composites lies in their ability to deliver superior physical, 

chemical, and mechanical qualities compared to their individual elements. 

Composites can be classified as polymer, ceramic, or metal matrix composites 

depending on the matrix [14, 15]. The performance of natural fiber composites mainly 

depends on the reinforcement length, arrangement, shape, origin of available and 

interfacial bonding between fiber and matrix material. Fibers can be classified as 

continuous fibers and discontinuous fibers based on their length-to-diameter ratio. The 

arrangement of the fiber-reinforced phase is typically categorized as either woven or 

non-woven [16]. They come in a variety of forms, including laminate, fibrous, and 

particle composites [17], depending on the reinforcement. The reinforcements are 

divided into two categories: natural and synthetic, based on their origin and 

availability [18]. 

Recent studies have demonstrated a significant impact of the hybridization 

development of composite material properties [19]. These studies have explored 

innovative approaches to combine different materials with the aim of enhancing their 

overall qualities. The examples include combining two distinct types of natural fibers, 

combining two different natural fibers with synthetic fibers, or even combining two 

different types of synthetic fibers within the same matrix material. [20]. The 

mechanical properties of these composites have been studied to ensure an 

improvement over single fiber composites. By altering the size, type of filler, and 

orientation of fibers, different forms of hybrid composites can be created. The 

hybridization using different types of fiber material may be able to overcome the 
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shortcomings of one component [21, 22]. The hybrid effect observed in composite 

material typically depends on the mechanical and chemical characteristics of the 

fibers; as a result, the effect is reduced compared to the composites made of individual 

fibers [23]. Extensive research has been conducted in recent decades to explore the 

blending of synthetic and plant fibers in composite materials [24–27]. However, 

natural fiber-reinforced hybrid composites have received less research attention 

recently with the majority of studies focusing on the mix of natural and synthetic 

fibers. The utilization of carbon, glass, and aramid in conjunction with hemp, flax, 

bananas, and pineapples is the best illustration of such composites [28–30]. 

The single fiber composites are considered inferior to hybrid fiber-reinforced 

composites. Due to their superior mechanical qualities and affordable price, 

supplementary applications can be found [31]. Hence, the artificial fiber composites 

have been replaced by hybrid composites due to their superior qualities [32], 

especially in load-bearing and building applications [33, 34]. The use of products 

made from natural fiber composites in a variety of applications, including household 

appliances, sports equipment, tables, packing shelves, and lightweight goods, has 

increased [35–37]. Most natural fiber composites are short fiber composites with 

irregular reinforcing length and orientation distributions [38, 39]. Discontinuous fiber 

composites are known to have a modest elastic modulus and strength compared to the 

continuous fiber-reinforced composites [40]. However, there is more flexibility in the 

choice of fabrication techniques. Discontinuous fiber composites can be made by 

using a variety of plastic processing techniques. This opens up the potential for 

simplified mass production [41]. 

In composites, both the reinforcement and matrix maintain their unique physical 

and chemical properties. However, when combined, they create a distinctive set of 

properties that cannot be achieved by either component alone [42]. The major 

intention of these materials is to achieve a balance of properties through a combination 

of various constituents. Coupling agents, coatings, and fillers are additional 

components that may be present in composites. Coupling agents and coatings are 

employed to the fibers to enhance their compatibility with the matrix, promoting better 

wetting and bonding at the reinforcement-matrix interface [43]. The addition of fillers 

to the composite material in the form of nanoparticles is considered highly promising 

for improving the mechanical and physical properties of composites [44].  

Despite their superior mechanical properties, natural fiber composites have 

some drawbacks, such as poor adhesion properties [45], ductile nature [46], moisture 

sensitivity [47], internal stresses [48], etc. The presence of these drawbacks may 

weaken the strength of the composite material and adversely affect its mechanical 

properties. In order to overcome these drawbacks, the attempts have been made to use 

various natural fiber reinforced hybrid polymer composites. Alkaline and heat 

treatments were conducted on the reinforcement materials, and various fabrication 

techniques were developed for the purpose of understanding fabrication errors. Hybrid 

composites with various weight fractions were fabricated to improve the mechanical 

properties and propose their use in sustainable applications, which are intended to use 
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in microfluidics, such as disposable devices, various components of microfluidic 

systems (e.g., substrates), and device packaging.  

Aim 

The aim of the doctoral dissertation is to develop hybrid fiber-reinforced 

polymer composites and investigate their mechanical, morphological, and wettability 

characteristics for sustainable applications. 

Objectives 

In order to accomplish the primary aim of the thesis, a set of specific objectives 

has been developed, which are as follows: 

1. To fabricate hybrid composites by reinforcing natural fibers with an epoxy 

matrix material and investigate how the incorporation of hybridization affects 

the mechanical properties of the composites. 

2. To determine the effect of chemical treatments on the mechanical properties of 

natural fiber-reinforced hybrid composites and compare their performance with 

untreated fiber composites. 

3. To develop a numerical method and conduct experimental analysis to 

investigate the influence of various matrix materials on the properties of hybrid 

polymer composites. 

4. To evaluate the influence of nanoparticles on hybrid fiber composites intended 

for the use in microfluidic applications. 

Research methods 

As mentioned earlier, the aim of this dissertation is to develop and characterize 

the mechanical properties of hybrid fiber-reinforced composites for sustainable 

applications, considering the influence of the matrix material, chemical treatments, 

incorporation of nanoparticles, and varying weight fractions of fibers. The composites 

were developed by using the hybridization concept with Caryota, sisal, banana, 

pineapple, hemp, flax, E-glass, and Basalt fibers as reinforcements and epoxy resin, 

EcoPoxy, and polyester resins as matrix materials. Graphite was used as the filler 

material for nanoparticle incorporation. The composites with different weight 

fractions were fabricated using hand layup, compression molding, vacuum-assisted 

resin transfer technique, and vacuum-assisted free lamination techniques. NaOH and 

HCl solutions were used for the chemical treatment purposes. The experimental 

studies assessed the mechanical properties, including tensile tests, flexural tests, and 

interlaminar shear tests conducted on Tinus Olsen H10KT, impact tests conducted on 

Coesfeld Magnus impact tester, and hardness tests conducted on Vickers hardness 

tester. Wettability analysis was conducted by using contact angle measurement 

analysis. Additionally, the morphological studies were conducted by using SEM 

analysis conducted on Hitachi S-3400N, and SEM-EDX analysis was conducted on 

Bruker Quad 5040. The theoretical studies were conducted using the modified 

Halpin–Tsai model. 
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Novelty of the research work 

These are the key findings and results of the research work conducted on natural 

fiber-reinforced hybrid composites: 

1. The mechanical properties of natural fiber hybrid composites are several times 

higher than those of individual fiber composites. 

2. The experimental analysis suggests that the mechanical properties of natural 

fiber reinforced hybrid composites primarily depend on the volume fraction of 

reinforcement materials.  

3. The interlaminar shear strength between the natural fibers and epoxy composites 

is two times stronger than the composites with EcoPoxy matrix material, as 

determined by both theoretical and experimental methods. 

4. Alkaline treatments to the natural fibers are well responsive to improve the 

cleanliness, increased surface roughness, enhanced fiber-matrix adhesion, and 

greater compatibility with polymer matrices, all of which can impact the overall 

performance of composite materials. 

5. The addition of graphite nanoparticles shows a reduction in the porosity content 

and improving moisture resistance of the hybrid composites. 

6. The mechanical properties of the natural fiber hybrid composites are comparable 

to, or even superior to, those of synthetic fiber composites. This finding is 

supported by the morphological studies and wettability analysis, which further 

indicate excellent interfacial adhesion properties. 

Statements for the defense 

1. The morphological properties of hybrid composites can be noticeably improved 

through the introduction of vacuum assisted free lamination and resin transfer 

models during the fabrication process. 

2. The use of alkaline treatments to improve the surface properties of natural fibers 

is a novel and effective method for enhancing the mechanical properties of 

natural fiber composites. 

3. The study on interlaminar shear strength and shear energy of hybrid composites 

is a novel approach to assessing the interfacial bonding between the 

reinforcement and matrix, and it can provide insight into the durability and 

longevity of the composite material. 

Practical value 

The practical value of this research work, while closely related to the scientific 

novelty, can be summarized as follows. 

1. The research on natural fiber hybrid composites contributes to the development 

of eco-friendly solutions that reduce the reliance on non-renewable resources 

and mitigate environmental impact. 

2. The optimization of materials selection and fabrication techniques has allowed 

for the enhancement of mechanical performance of a composite material. This 

can lead to the development of stronger and more durable composite materials 

for use in lightweight structural applications. 
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3. The study on alkaline treatments and the use of graphite nanoparticles highlights 

the techniques to improve the performance of natural fiber composites. This 

knowledge can be applied in practical manufacturing processes to enhance the 

quality and properties of composite materials. 

4. The development of natural fiber hybrid composites can be used to fabricate 

microfluidic devices, such as channels, chip substrates, chambers, mixers, 

stirrers, and valves.  

Research approbation  

The scientific results that have been obtained during the course of current 

research were published in various publications. These publications and presentations 

of research findings demonstrate the significance and impact of the research 

conducted during the PhD studies.  

The results of the dissertation were published in 7 scientific papers, 6 of which 

were published in the international journals listed in the ISI Web of Science database, 

and have an impact factor. Notably, five out of the seven published papers were 
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The results were as well presented at 4 international conferences and 5 

international research workshops. 

Author’s contribution 

[A1]: Atmakuri, Ayyappa; Palevicius, Arvydas; Vilkauskas, Andrius; Janusas, 

Giedrius. Review of hybrid fiber based composites with nano particles–material 

properties and applications // Polymers. Basel : MDPI. ISSN 2073-4360. 2020, 

vol. 12, iss. 9, art. no. 2088, p. 1-30, Impact factor 4.967, Q1. 

Ayyappa Atmakuri led the conceptualization and design of the research project, 

including developing the research question, study design, and data analysis plan. 

He as well played a key role in conducting the formal analysis and drafting the 

original manuscript. 

[A2]: Atmakuri, Ayyappa; Palevicius, Arvydas; Kolli, Lalitnarayan; Vilkauskas, 

Andrius; Janusas, Giedrius. Development and analysis of mechanical properties 

of Caryota and sisal natural fibers reinforced epoxy hybrid composites // 

Polymers. Basel : MDPI. ISSN 2073-4360. 2021, vol. 13, iss. 6, art. no. 864, p. 

1-19. Impact factor 4.967, Q1. 

Ayyappa Atmakuri was responsible for collecting and curating the data as well 

as conducting the experimental analysis and creating visualizations of the 

results. He as well contributed to the writing and editing of the manuscript. 

[A3]: Atmakuri, Ayyappa; Palevicius, Arvydas; Siddabathula, Madhusudan; 

Vilkauskas, Andrius; Janusas, Giedrius. Analysis of mechanical and wettability 

properties of natural fiber-reinforced epoxy hybrid composites // Polymers. 

Basel : MDPI. ISSN 2073-4360. 2020, vol. 12, iss. 12, art. no. 2827, p. 1-15. 

Impact factor 4.967, Q1. 



14 

 

Ayyappa Atmakuri led the conceptualization and design of the research article 

as well as conducting the investigation and analysis of the data. He was 

responsible for drafting the original manuscript and provided feedback and 

revisions of the manuscript. 

[A4]: Atmakuri, Ayyappa; Palevicius, Arvydas; Janusas, Giedrius; Eimontas, Justas. 

Investigation of hemp and flax fiber-reinforced EcoPoxy matrix biocomposites: 

morphological, mechanical, and hydrophilic properties // Polymers. Basel : 

MDPI. ISSN 2073-4360. 2022, vol. 14, iss. 21, art. no. 4530, p. 1-21. Impact 

factor 4.967, Q1. 

Ayyappa Atmakuri contributed to the experimental investigation and 

morphological analysis. He as well contributed to the methodology, formulation 

and writing of the original draft.  

[A5]: Atmakuri, Ayyappa; Palevicius, Arvydas; Vilkauskas, Andrius; Janusas, 

Giedrius. Numerical and experimental analysis of mechanical properties of 

natural-fiber-reinforced hybrid polymer composites and the effect on matrix 

material // Polymers. Basel : MDPI. ISSN 2073-4360. 2022, vol. 14, iss. 13, art. 

no. 2612, p. 1- 18. Impact factor 4.967, Q1. 

Ayyappa Atmakuri was responsible for collecting and curating the data as well 

as conducting the experiments, and he contributed to the conceptualization, 

methodology, writing of the original draft preparation, and visualization.  

[A6]: Atmakuri, Ayyappa; Kolli, Lalitnarayan; Palevicius, Arvydas; Urbaite, Sigita; 

Janusas, Giedrius. Influence of filler materials on wettability and mechanical 

properties of Basalt/E-glass woven fabric–reinforce composites for 

microfluidics // Micromachines. Basel : MDPI. ISSN 2072-666X. 2022, vol. 13, 

iss. 11, art. no. 1875, p. 1-14. Impact factor 3.523, Q2. 

Ayyappa Atmakuri was involved in the fabrication and research methodology 

(mechanical properties, wettability properties, and morphological studies), 

formal analysis, investigation (experimental), visualisation (scanning electron 

microscopic investigation) writing of the original draft, and formation of the 

results. 

 

 

 

 

 

 

 

 



15 

 

1. STATE OF THE ART 

1.1. Natural fiber reinforced hybrid composites 

In recent decades, there has been significant interest in utilizing natural fibers, 

both renewable and non-renewable, such as banana, okra, pineapple, hemp, sisal, flax, 

bamboo, and jute, to produce composite materials [49]. Cellulose fiber-producing 

plants can be categorized into various types, including bast fibers (flax, hemp, jute, 

and kenaf), seed fibers (kapok, coir, and cotton), leaf fibers (abaca, pineapple, and 

sisal), grass and reed fibers (wheat, rice, and corn), core fibers (hemp, jute, and kenaf) 

as well as other miscellaneous sources (roots and wood) [50–52].  

Natural fibers offer numerous advantages compared to the synthetic fibers [53]. 

These include their renewable nature, biodegradability, low cost, minimal damage to 

processing equipment, lightweight properties, improved surface finish of composite 

molded parts, flexibility during processing, favorable mechanical properties, such as 

tensile modulus and flexural modulus, and reduced health hazards. The benefits of 

natural fibers surpass those of synthetic fibers in multiple aspects [54]. 

In 1960s, Toyota made a significant breakthrough by incorporating fenders and 

deck lids made from soy protein-based eco plastic into the cars [55]. In the past, the 

research and development of composite materials derived from renewable and 

sustainable sources were regarded as relatively insignificant compared to the synthetic 

composites sector. However, nowadays, the utilization of eco composites has become 

a crucial element in the future of industrial practices. The growing emphasis on 

sustainable growth is the primary driving force behind the increasing importance of 

composite materials [56].  

The growing societal demand for environmentally-friendly and biodegradable 

materials has created a strong impetus for advancements in composite science. The 

biodegradability of natural fibers is a particularly noteworthy aspect of their 

application in polymeric materials [57]. By designing a blend of lightweight and 

robust biomaterials, it is possible to develop advanced lightweight composites that 

can serve as alternatives to the conventional synthetic structures or metal components 

used in sustainable applications [58]. Despite the favorable characteristics of natural 

fibers, there are certain drawbacks that make their use in composites for semi-

structural or structural applications inconvenient. These drawbacks include high 

susceptibility to moisture absorption, thermal and mechanical degradation during 

manufacturing, poor compatibility with certain polymeric matrices, and low resistance 

to microbial degradation [59, 60]. In order to address these challenges, the 

development of natural fiber hybrid composite materials presents a potential solution. 

Hybrid composites, which combine two different fibers, either natural or synthetic 

fibers, offer a promising strategy for composite materials. The concept behind 

hybridization is to introduce different types of fibers in order to overcome the 

limitations of composites reinforced with only one type of fiber [61–63].  
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1.2. Reinforcement and matrix interfacial adhesion concerns 

The interfacial adhesion between the reinforcement and matrix material plays a 

crucial role in the mechanical performance of a composite material [64]. The 

inadequate adhesion between the natural fibers and matrices remains a significant 

constraint in the industrial utilization of natural fibers. The distinctive chemical 

composition, hydrophilic nature, and surface characteristics of natural fibers hinder 

their ability to establish a strong interfacial adhesion with hydrophobic polymer 

matrices [65]. This weak adhesion at the natural fiber/matrix interface can create a 

pathway for water penetration, leading to the exposure of hydrophilic fiber groups to 

water molecules. Consequently, this can result in the degradation of the composite 

and a decline in its mechanical properties [66–68].  

Achieving the best mechanical performance in a composite material relies on 

maximizing the ability to transfer stress across the fiber-matrix interface, which is 

closely linked to the level of adhesion. The adhesion at the interface can be attributed 

to various factors, including interaction forces, chemical bonds, and residual stresses 

[69]. In hybrid composites, there are two types of interfaces, namely, interplay 

interface and intraplay interface. The quality of adhesion at both types of interfaces 

plays a significant role in determining the mechanical properties of the hybrid 

composite. However, the interplay interface has been specifically recognized as being 

fundamental in hybrid composites, as it influences the overall performance of the 

material [70]. Recent studies have highlighted that surface modification of fibers can 

enhance the adhesion properties of composite materials. One effective method of 

surface modification is chemical treatment using alkaline or alkane solutions. These 

treatments have been found to have a significant impact on the morphology of the 

fibers [71].  

1.3. Surface modification treatments 

The primary challenge in the industrial utilization of natural fibers lies in their 

poor compatibility with polymer matrices. The unique chemical composition and 

surface characteristics of natural fibers hinder their ability to establish a strong 

interfacial adhesion with hydrophobic polymer matrices, resulting in composites with 

inferior mechanical properties [72].  

The main constituents of plant fibers include cellulose, hemicellulose, wax, 

lignin, and pectin. The relative composition of these components can vary depending 

on the growing conditions [73]. Cellulose, hemicellulose, and lignin are the key 

contributors to the physical properties of the plant fibers. Among them, cellulose is 

the most important organic constituent, providing rigidity and strength to the fiber 

[74]. 

In order to enhance the adhesion of natural fibers to matrix materials, various 

physical and chemical treatment methods can be employed to modify the fiber 

surfaces. One approach is to reduce the amount of hydrophilic hydroxyl groups that 

are present on the fiber surface [75]. The physical treatments, such as surface 

fibrillation, cold plasma treatment, and electric discharge method, can alter the surface 

properties of fibers and promote better mechanical bonding between the fibers and the 
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matrix [76]. Chemical treatment is another widely used method to modify the surfaces 

of natural fibers. It aims to reduce the hydrophilic nature of the fibers and improve 

their compatibility with the matrix. Different chemical treatments have been 

employed, including alkalization, acetylation, salinization, benzoylation, and 

peroxidation. These treatments effectively modify the fiber surfaces and enhance their 

properties in terms of adhesion and compatibility with the matrix [77–79]. 

1.4. Mechanical properties 

The diverse range of properties exhibited by the natural fibers is primarily 

influenced by the factors, such as plant species, growth (atmospheric conditions) 

conditions, and the method used for fiber extraction [80]. Additionally, the properties 

of natural fibers are influenced by the fiber cell geometry specific to each type of 

cellulose and its degree of polymerization. These factors play a crucial role in 

determining the unique characteristics and performance of natural fibers [81, 82]. Bast 

fibers, such as hemp, flax, banana, pineapple, are highly favored among non-wood 

lignocellulosic fibers due to their exceptional technical properties and the ease of their 

extraction from raw resources [83], typically through retting and manual extraction 

techniques [84]. The manual extraction method results in high-quality fibers, but it 

can be a time-consuming and labor-intensive process [85]. These fibers are sometimes 

referred to as stem fibers, because they are derived from the outer cell layers of the 

plant's pseudo-stem, which is a part of the stem that contains fibers. 

Extensive research has been carried out to examine the impact of fiber content 

and orientation on the mechanical properties of various natural fiber-reinforced 

polymer composites. These studies encompass a wide range of composites, including 

both thermoplastic and thermosetting materials [86–89]. Alhazmi et al. [90] studied 

the tribological and mechanical properties of epoxy reinforced with hybrid 

nanoparticles. The results demonstrated that the incorporation of nanoparticles into 

the epoxy resin enhanced its wear resistance. However, it has been observed that there 

were some drawbacks associated with this reinforcement, including the reduction of 

tensile strength and modulus of elasticity. Karimzadeh et al. [91] studied the effect of 

stacking sequence on the mechanical properties and moisture absorption 

characteristics of hybrid pineapple/glass fiber composites. The findings revealed that 

hybrid composites exhibited superior flexural strength, tensile strength, and tensile 

modulus compared to the pure composites. Additionally, it has been observed that 

pure pineapple composites absorbed a higher percentage of water compared to the 

hybrid composites. In a study conducted by Senthil et al. [92], the mechanical 

performance of biocomposites made from hemp and sisal fibers were investigated. 

The experimental results indicated that hybrid composites exhibited only minor 

variations in the mechanical properties when the stacking sequence was altered. 

Among the hybrid composites, the one with an intercalated arrangement demonstrated 

the highest tensile modulus. Based on the review of relevant literature studies, it has 

been observed that alkaline-treated natural fibers have demonstrated improved 

mechanical properties due to the enhanced adhesion between the reinforcement and 

matrix materials. While epoxy resin materials are commonly used and flexible in 
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composite fabrication, they possess certain drawbacks, such as non-biodegradability, 

chemical harshness, and limited skin-friendliness [93, 94]. In order to tackle the 

mentioned challenges, the current research investigates the use of both epoxy and bio-

inspired resin materials as potential alternatives. Additionally, a variety of natural 

fibers, including banana, pineapple, hemp, flax, okra, Caryota, and sisal fibers, are 

employed in the fabrication process for comparative analysis. By utilizing different 

types of fibers, the aim is to evaluate their suitability and performance in composite 

materials, considering factors such as mechanical properties, adhesion, and overall 

sustainability. 

The detailed description of various natural fibers, synthetic fibers, chemical and 

mechanical properties, fabrication techniques, thermoset resins, thermoplastic resins, 

and applications were explained clearly in the review article titled “The review of 

hybrid fiber composites with nano particles - material properties and applications," 

which was published in the Polymers journal in 2020. Figure 1 shows the graphical 

abstract of the published article. 

 

Fig. 1. Overview of the hybrid composites: fabrication, properties, applications 

The review as well emphasizes the positive impact of filler materials on the 

overall strength of composite materials. Moreover, the article discusses the drawbacks 

of natural fibers, such as their inconsistent mechanical properties, flame retardancy, 

and moisture absorption, which can be addressed through chemical treatments. The 

review motivates further research to improve the fabrication techniques and the use 

of nanofillers to enhance the properties and expand the applications of fiber-based 

hybrid composites; furthermore, it provides valuable insights for formulating the aim 

and objectives of the dissertation. 
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2. OVERVIEW OF THE PUBLICATIONS 

2.1. “Development and analysis of mechanical properties of Caryota and sisal 

natural fibers reinforced epoxy hybrid composites” (scientific publication no. 

[A2]) 

This sub-section is based on a scientific paper titled "Development and analysis 

of mechanical properties of Caryota and sisal natural fibers reinforced epoxy hybrid 

composites," which was published in the Polymers journal in 2021. It covers the 1st 

objective of the research work. This paper presents the fabrication of Caryota and sisal 

natural fiber hybrid composites in the presence of epoxy resin along with the hardener 

and the investigation of mechanical properties.  

 

Fig. 2. Visual representation of the key results 

The article reports on the development and characterization of hybrid 

composites using carbon and sisal fibers as reinforcements and epoxy resin as the 

matrix material. The composites were prepared by using the hand layup method, and 

their mechanical and moisture absorption properties were evaluated. Tensile, flexural, 

and impact tests were conducted, and the results showed that the hybrid composites 

exhibited superior mechanical properties compared to the pure composites. The 

tensile strength and modulus of the hybrid composites were observed to be up to 38.2 

MPa and 6.44 GPa, respectively, whereas in the pure composites, they were up to 25.7 

MPa and 5.66 GPa, respectively. The hybrid composites as well exhibited higher 

flexural strength and impact energy compared to the pure composites. Moisture 

absorption tests showed that all the composites responded to moisture over time, and 

the rate of absorption was higher in pure composites than in the hybrid composites. 

The SEM analysis revealed that the weight percentage of carbon was higher at the 

surface than the fracture position, while the weight percentage of oxygen was higher 



20 

 

at the fracture position than the surface, indicating that the concentration of matrix 

material was higher at the surface position, while the fiber percentage was higher at 

the fracture (inside) position. The study highlights the potential of using hybrid 

composites in various industrial applications and suggests further research to optimize 

the mechanical properties of composites by using various natural fibers and 

fabrication techniques. It was recommended to investigate the hybrid composites with 

different natural fibers and fabrication techniques further in order to improve their 

mechanical properties. Overall, this article highlights the potential of natural fiber 

hybrid composites as a sustainable and environmentally friendly alternative to the 

traditional composite materials, and it can be used as a packaging material for 

microfluidic devices. The material's biocompatibility and low cost make it a suitable 

option for disposable devices. 

2.2. “Analysis of mechanical and wettability properties of natural fiber-

reinforced epoxy hybrid composites” (scientific publication no. [A3]) 

This sub-section is based on a scientific paper titled "Analysis of mechanical 

and wettability properties of natural fiber-reinforced epoxy hybrid composites," which 

was published in the Polymers journal in 2020. It covers the 1st objective of the 

research work. It presents the development of hemp, flax, banana, and pineapple 

natural fiber hybrid composites in the presence of epoxy resin along with the hardener, 

and the mechanical properties of two sets of hybrid composites were investigated, and 

the results were compared.  

 

Fig. 3. Graphical abstract of the research outcomes 

Hybrid composites were fabricated by using a combination of hemp, flax, 

banana, and pineapple fibers as reinforcements and an epoxy resin as the matrix 

material. The composites were fabricated based on the concept of hybridization, 
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resulting in two sets of hybrid composites (H/F and B/P) with five different weight 

fractions. Mechanical and wettability properties were tested and compared between 

the two sets of composites. The mechanical properties were evaluated by measuring 

the flexural and interlaminar shear strength properties. The flexural properties of the 

hemp/flax and banana/pineapple composites ranged from 60 to 88 MPa and from 38 

to 69 MPa, respectively, with the 25H/15F hybrid composite demonstrating the 

highest flexural strength at 87.57 MPa and the 40B/0P composite, showing the least 

strength at 39.36 MPa. The interlaminar shear strength properties of the individual 

fiber composites were found to be superior to the hybrid composites in both cases. 

The wettability analysis indicated that all the composites had a contact angle lower 

than 90º, indicating hydrophilic surface properties. 

2.3. “Investigation of hemp and flax fiber-reinforced EcoPoxy matrix 

biocomposites: morphological, mechanical, and hydrophilic properties” 

(scientific publication no. [A4]) 

This sub-section is based on a scientific paper titled "Investigation of hemp and 

flax fiber-reinforced EcoPoxy matrix biocomposites: morphological, mechanical, and 

hydrophilic properties," which was published in the Polymers journal in 2022. It 

covers the 2nd objective of the research work. It presents the investigation of 

mechanical and morphological properties of hemp, flax, noil hemp, and noil flax 

natural fiber hybrid composites in the presence of EcoPoxy resin along with the 

hardener. This outcome was achieved due to the collaboration of research teams from 

two international institutions. 

 

Fig. 4. Overview of the main findings 

In this article, the mechanical and morphological properties of hemp, flax, noil 

hemp, and noil flax natural fiber hybrid composites in the presence of EcoPoxy resin 

along with the hardener were investigated. The composites were developed by using 

the natural fibers as reinforcements and EcoPoxy resin as the matrix material. In order 
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to enhance the fiber surface properties and adhesion properties, an alkaline treatment 

was carried out with NaOH solution, and the results were observed with microscopic 

analysis and FTIR analysis. The impact of chemical treatment on the natural fiber was 

observed through the elimination of surface cracks, kink bands, and surface 

smoothness presented in the natural fibers. Subsequently, it enhanced the fiber 

adhesion properties. The contact angle was observed lower than 90º in both normal 

and noil fiber cases. However, in the noil case, the hybrid composite exhibited a 

contact angle close to 90º, which means that the composites tend to show the 

hydrophobic surface properties. It has been observed from the mechanical properties 

that the hemp/flax natural fiber hybrid biocomposites showed superior mechanical 

properties over the noil fiber hybrid composites. The strong surface properties and 

mechanical properties make these composites a suitable option for packaging material 

in microfluidic devices. Additionally, the biocompatibility and low cost of the 

material make it a suitable option for disposable microfluidic devices. 

2.4. “Numerical and experimental analysis of mechanical properties of natural-

fiber-reinforced hybrid polymer composites and the effect on matrix material” 

(scientific publication no. [A5]) 

This sub-section of the thesis is based on the scientific paper titled "Numerical 

and experimental analysis of mechanical properties of natural-fiber-reinforced hybrid 

polymer composites and the effect on matrix material," which was published in the 

Polymers journal in 2022. It covers the 3rd objective of the research work. This article 

presents the impact of matrix material on the mechanical and morphological 

properties of natural fiber reinforced hybrid composites. This outcome was achieved 

due to the collaboration of research teams from two international institutions. 

 

Fig. 5. Summary of the research methodology and key findings 

This research article investigated the effect of matrix material on the mechanical 

properties of natural fiber hybrid composites. The composites were fabricated by 

using hemp and flax fibers as reinforcements and epoxy resin and EcoPoxy resin with 



23 

 

a hardener as matrix materials. The mechanical properties of the composites, such as 

flexural strength, interlaminar shear strength, and wettability, were analyzed and 

compared between the two types of matrix materials. The Halpin–Tsai approach was 

used for the theoretical analysis of the composites. The results showed that the epoxy-

based composites exhibited superior mechanical properties compared to the EcoPoxy 

matrix-based hybrid composites. Additionally, both types of hybrid composites 

showed better mechanical properties than the pure composites. SEM-EDX analysis 

revealed that the weight percentage of carbon was higher at the surface over the 

fracture position in both cases, while the weight percentage of the oxygen was higher 

at the fracture position. The percentage of oxygen was higher in the case of EcoPoxy 

matrix material due to its bioactivity. The modified Halpin–Tsai method was used for 

the theoretical evaluation, but it has been found that the error percentage was higher 

in this method compared to the numerical methods. Therefore, Halpin–Tsai method 

may not be suitable for the use in natural fiber hybrid composites. 

2.5. “Influence of filler materials on wettability and mechanical properties of 

Basalt/E-glass woven fabric–reinforce composites for microfluidics” (scientific 

publication no. [A6]) 

This sub-section of the thesis is based on a scientific paper titled "Influence of 

filler materials on wettability and mechanical properties of Basalt/E-glass woven 

fabric–reinforce composites for microfluidics," which was published in the 

Micromachines journal in 2022. It covers the 4th objective of the research work. This 

article presents the impact of nano filler material on the mechanical and morphological 

properties of Basalt, E-glass fiber reinforced hybrid composites. This outcome was 

achieved due to the collaboration of research teams from two international 

institutions. 

 

Fig. 6. Schematic representation of the research process 
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In this scientific publication, the influence of filler particles on the mechanical 

properties of hybrid composites were investigated. A new method of fabrication 

technique was developed for the fabrication of Basalt/E-glass fiber hybrid composites. 

Graphite powder nanoparticles were employed as a filler material in the composites. 

These nanoparticles were prepared through the mechanical milling process and had 

particle sizes ranging from 50 to 80 nanometers. These nanoparticles were purchased 

from Sigma Aldrich Chemicals Private Limited, located in Bangalore, India. The 

impact energy levels of hybrid composites with 5%, 10%, and 15% weight 

concentrations of graphite filler particles were 3.8 KJ/m2, 4.0 KJ/m2, and 3.9 KJ/m2, 

respectively, which were higher than those of the pure Basalt and E-glass composites. 

SEM analysis showed that the addition of filler particles improved the interfacial 

bonding between the fibers and the matrix, resulting in better mechanical properties. 

However, when the weight concentration of filler particles exceeded 10%, the 

mechanical properties of the hybrid composites decreased due to the agglomeration 

and poor dispersion of filler particles. The results suggest that the addition of a small 

amount of filler particles can significantly improve the mechanical properties of 

hybrid composites, but the weight concentration of the filler particles should be 

carefully controlled to avoid adverse effects on the properties of the composite 

material. Overall, the findings of this research have important implications for the 

development of high-performance composite materials with improved mechanical 

properties, and they can be used as a substrate material for microfluidic chips. The 

material's low cost and ease of manufacturing make it an attractive option for the 

microfluidic chip fabrication. 
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3. CONCLUSIONS 

After the overview of the five research papers, the following findings, as formulated 

by the aim and objectives, can be derived based on the four objectives that were 

established at the beginning of the study: 

1. The hybrid composites based on the natural fibers and epoxy matrix 

materials were fabricated by using various fabrication techniques. The Caryota and 

sisal fiber hybrid composites exhibited improved mechanical properties compared to 

the single fiber composites with a tensile strength of 38 MPa, flexural strength of 

89.16 MPa, and flexural modulus of 3.40 GPa. The hemp and flax fiber composites 

showed an interlaminar shear strength ranging between 6.30 and 13.50 MPa. The 

25H/15F hybrid biocomposites had a maximum flexural strength and modulus of 

87.50 MPa and 3.45 GPa.  

2. The alkaline treatment with a 5% NaOH solution on the reinforcement 

material showed an adverse effect on the mechanical properties. The morphological 

study revealed the elimination of surface cracks, kink bands, and improved surface 

roughness in chemically treated fiber materials, which ultimately affected the 

mechanical properties. The FTIR analysis indicated the changes in functional groups 

and the intensity of hydroxyl groups (-OH). The intensity of (-OH) hydroxyl peaks 

that were observed before the treatment was around 2,700–2,900 cm-1, whereas after 

treatment, it was around 2,200–2,500 cm-1. Additionally, a reduction in lignin and 

hemicellulose peaks was observed at 1,130 cm-1 and 960 cm-1, respectively. These 

changes in the chemical structure indicated functional group transformations, 

impurity removal, and improved cellulose crystallinity, thereby enhancing the fiber 

surface properties. 

3. It has been observed that the epoxy-matrix-based hybrid composites 

exhibited two times the mechanical properties compared to EcoPoxy-matrix-based 

hybrid composites. The maximum flexural and shear strengths for epoxy composites 

were 78 MPa and 13 MPa, respectively, while for EcoPoxy composites, they were 30 

MPa and 10 MPa, respectively. The elastic properties of the composites were 

determined by the theoretical and numerical analyses, and it has been observed that 

the modified Halpin–Tsai method had higher errors.  

4. Basalt and E-glass woven-fiber-based epoxy hybrid composites with 10% 

graphite filler material exhibited superior mechanical properties compared to the 

individual Basalt and E-glass fiber composites. The B/E/G15 composite showed the 

highest flexural strength of 43.81 MPa and flexural modulus of 3.57 GPa, while the 

epoxy-based B/E/10G composites displayed the highest tensile properties. The 

porosity content in hybrid composites with filler material was lower than in those 

without filler material. 

Based on the findings, natural fiber hybrid composites have potential as a 

substitute for the artificial fiber composites in sustainable applications, including chip 

substrates, packaging devices, microfluidic channel, and valve materials. 
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Proposal for further investigations in the future 

The study's findings suggest several potential areas for the future research. 

1. Further investigation of the effect of different chemical treatments on the 

natural fibers to improve their surface properties and mechanical properties. 

2. Further exploration of the effect of different filler materials on the 

mechanical properties of natural fiber hybrid composites. 

3. The moisture absorption behavior of natural fiber hybrid composites, 

including the effect of different environmental conditions and storage time. 

4. The investigation of the use of natural fiber hybrid composites in other 

microfluidic device applications, besides substrates, packaging devices, and 

microfluidic chips. Future research could explore their potential in other areas, such 

as microfluidic pumps, valves, and sensors. 
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4. ABSTRACT 

The synthetic fibers have been dominant in the field of composite development 

for many years. However, there is currently a growing interest in the environmental 

awareness within the industrial applications. In the modern era of advancement, the 

researchers are increasingly focused on developing the biodegradable materials that 

align with sustainable principles, aiming to prevent the use of non-biodegradable 

resources. The fibers that derive from organic sources (agricultural waste) offer 

several advantages in comparison to the traditional synthetic fibers, including lower 

cost and density, non-toxicity, minimal environmental impact, and easier waste 

disposal. In addition, they offer comparable features to the artificial fiber composites 

but at a lower cost and with higher sustainability, and ease of production, making them 

a promising alternative for many sustainable applications. Despite the many benefits 

of natural fibers as reinforcements, there are some downsides to consider. These 

include issues, such as fiber separation, poor surface properties, variable mechanical 

performance, poor adhesion properties, moisture uptake behavior, porosity content, 

and delamination, which can collectively have a significant impact on the mechanical 

properties and final failure of the composite. This PhD research aims to investigate 

the causes behind these issues and explore the ways to improve the mechanical 

properties of natural fiber hybrid composites. 

The preparation of reinforcement materials for fabrication is crucial in creating 

a strong bond between the reinforcement and matrix materials. Previous studies have 

indicated that the chemical treatments (e.g., alkaline or alkane treatments), and heat 

treatments of natural fibers can enhance their surface properties. In this study, the 

reinforcement materials were created by using the hand-sitting process, and the fibers 

were separated by using a cotton comb from the thick stems and small pallets. The 

separated fibers underwent an alkaline treatment and a heat treatment process to dry 

them. A 5% NaOH solution at 60 °C was used for hemp, flax, noil hemp, and noil flax 

fibers for alkaline treatment. Caryota and sisal fibers were treated with a 2% HCl 

solution to remove the gelatinous substance. The optical microscopic analysis and 

FTIR analysis were used to evaluate the effect of alkaline treatment on hemp and flax 

fibers before and after the chemical treatment. The results indicated that the chemical 

treatment improved the fiber performance by eliminating surface microcracks and 

fiber kink bands, resulting in a smoother surface finish. The FTIR analysis as well 

showed that the treated fibers exhibited stronger OH groups of cellulose particles, 

enhancing their chemical properties. 

In order to improve the mechanical performance, the study explored the concept 

of hybridization in composite material preparation. Hybridization refers to the 

creation of composite materials using two or more reinforcement materials under the 

same matrix material. The study used Caryota, sisal, hemp, flax, banana, pineapple, 

Basalt, and E-glass fibers as reinforcement materials with epoxy, EcoPoxy, and 

polyester resin used as matrix materials for comparison. Three fabrication techniques 

were employed for the production of hybrid composites: hand layup followed by 

compression molding, vacuum-assisted resin transfer techniques, and vacuum-
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assisted free lamination process. Each set of composites included five different weight 

fractions with 250 to 300 samples fabricated for the comparison. Furthermore, one set 

of hybrid composites was created by incorporating filler material into the composite 

material, using nano graphite filler material with varying weight percentages added 

through the resin transfer technique. 

Continuing the study on the impact of resin material on natural fiber hybrid 

composites, EcoPoxy (a bioactive flow cast resin) matrix material was introduced in 

the composite fabrication. The results were compared with those of epoxy matrix-

based hybrid composites. As it can be seen from the mechanical properties, such as 

flexural properties and interlaminar shear strength properties, the epoxy resin matrix-

based natural fiber hybrid composites are twice as strong as EcoPoxy matrix 

composites. Additionally, the wettability analysis showed that the epoxy-based 

composites always have a contact angle of less than 90º, which means that they tend 

to exhibit hydrophilic surface properties, whereas in EcoPoxy matrix composites, the 

contact angle is almost close to (nearly 90º) hydrophobic surface properties. 

Furthermore, the amount of moisture absorbed by the Ecopoxy composites is more 

than that absorbed by the epoxy composites, which weakens the strength of the 

composite material. 

 The introduction of filler (nano graphite) materials through the resin transfer 

process could preferably help in reducing the porosity content of composite material. 

The presence of porosity content in a composite material weakens its mechanical 

properties and serves as storage cells for moisture content. Additionally, the 

significance of the nano filler particles needs to be further explored, as they could 

pave the way for composites to be studied from a distinct perspective compared to the 

conventional method of looking at them in the light of hybrid composite structures. 

Moreover, the presence of nano particles in a composite material reduces the internal 

stress and improves the adhesion properties of the reinforcement and matrix material. 
The addition of nano graphite filler particles further improves the mechanical 

properties of the hybrid composites. Based on these findings, natural fiber hybrid 

composites have potential as a substitute for artificial fiber composites in various 

sustainable applications. 
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5. SUMMARY  

Pastaraisiais metais išryškėjo didelis susidomėjimas kompozitų, naudojant 

natūralų pluoštą, sustiprintą polimerinėmis matricomis, kūrimu. Natūralaus pluošto 

hibridiniai kompozitai (NFC) yra medžiagų klasė, kurioje natūralaus pluošto armatūra 

derinama su polimerinės dervos matrica [1]. Šios medžiagos susilaukė dėmesio dėl 

savo gebėjimo sugerti anglies dioksidą, mažinti aplinkos taršą ir neišmesti 

kenksmingų dujų [2] [3]. Natūralūs pluoštai turi daug pranašumų, palyginti su 

sintetiniais pluoštais, pavyzdžiui, biologinis suderinamumas [4], maža kaina [5], 

didelis stiprumas [6] ir mažas poveikis aplinkai [7]. Buvo numatyta, , kad potencialus 

natūralių pluoštų panaudojimas pasaulinėje rinkoje nuo 2017 m. iki 2022 m. padidės 

9,4 % metinio sudėtinio augimo tempo, ypač lignoceliuliozės pluoštai, įskaitant 

bananus, ananasus, kanapes, linus, sizalį, šerpetą ir džiutą. galimi tradicinio stiklo 

pluošto pakaitalai [8]. Įvairios pramonės šakos, įskaitant statybą, biomediciną, 

automobilių, mikrofluidikos, energetikos, jūrų ir karinius sektorius, naudoja 

natūralaus pluošto kompozitus [9]. Pavyzdžiui, mikroskysčių sektoriuje natūralaus 

pluošto kompozitai naudojami lengvoms dalims, tokioms kaip ląstelių kultūros, vaistų 

pristatymo ir diagnostikos taškas, gaminti [10]. Tačiau dėl jų sudėtingumo jie nebuvo 

sukurti atliekant dabartinį tyrimą. 

Paprastai kompozicines medžiagas dažnai sudaro dvi ar daugiau sudedamųjų 

medžiagų, tokių kaip matrica ir armatūra. Armatūra yra surišta matrica, kuri veikia 

kaip rišamoji medžiaga [11]. Medžiagos, kurios yra įtrauktos į matricą, žinomos kaip 

sutvirtinimai [12] ir suteikia kompozitui papildomo stiprumo [13]. Kompozitų svarba 

slypi jų gebėjime užtikrinti geresnes fizines, chemines ir mechanines savybes, 

palyginti su atskirais elementais. Pagal savo matricą, kompozitai gali būti 

klasifikuojami kaip polimero, keramikos arba metalo matricos kompozitai [14][15]. 

Natūralaus pluošto kompozitų eksploatacinės savybės daugiausia priklauso nuo 

armatūros ilgio, išdėstymo, formos, turimos krypties ir pluošto bei matricos 

medžiagos sąsajos sujungimo. Pagal jų ilgio ir skersmens santykį pluoštai gali būti 

skirstomi į ištisinius pluoštus ir nepertraukiamus pluoštus. Pluoštu sustiprintos fazės 

išdėstymas paprastai skirstomas į austinę arba neaustinę [16]. Pagal armatūrą, jie būna 

įvairių formų, įskaitant laminatą, pluoštinį ir dalelių kompozitą[17]. Sutvirtinimai 

skirstomi į dvi kategorijas: natūralius ir sintetinius, atsižvelgiant į jų kilmę ir 

prieinamumą [18]. 

Naujausi tyrimai parodė, kad kompozitų hibridizacija turi įtakos medžiagų 

savybių raidai [19]. Daugelyje tyrimų buvo siekiama rasti naujų būdų, kaip derinti 

medžiagas, kad būtų pagerintos jų savybės;, pavyzdžiui, dviejų skirtingų natūralių 

pluoštų, dviejų atskirų natūralių ir sintetinių pluoštų arba dviejų skirtingų sintetinių 

pluoštų derinimas toje pačioje matricinėje medžiagoje[20]. Šių kompozitų 

mechaninės savybės buvo ištirtos tam, kad būtų užtikrintas geresnis tvirtumas, 

palyginti su vieno pluošto kompozitais. Keičiant pluošto dydį, užpildo tipą ir 

orientaciją, galima sukurti įvairių formų hibridinius kompozitus. Hibridizacija 

naudojant skirtingų tipų pluoštines medžiagas gali padėti įveikti vieno komponento 

trūkumus [21][22]. Hibridinis poveikis paprastai skiriasi pagal pluošto mechanines ir 
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chemines savybes; dėl to efektas sumažėja lyginant su kompozitais iš atskirų pluoštų 

[23]. Per pastaruosius kelis dešimtmečius buvo atlikta daugybė sintetinių ir augalinių 

pluoštų maišymo tyrimų [24–27]. Tačiau pastaruoju metu natūraliu pluoštu sustiprinti 

hibridiniai kompozitai sulaukė mažiau mokslinių tyrimų dėmesio, o dauguma tyrimų 

buvo skirti natūralių ir sintetinių pluoštų mišiniams. Anglies, stiklo ir aramido 

panaudojimas kartu su kanapėmis, linais, bananais ir ananasais yra geriausias tokių 

kompozitų pavyzdys [28–30]. 

Vieno pluošto kompozitai laikomi prastesniais už hibridiniu pluoštu sustiprintus 

kompozitus. Dėl puikių mechaninių savybių ir prieinamos kainos galima rasti 

papildomų pritaikymų [31]. Dėl šios priežasties dirbtinio pluošto kompozitai buvo 

pakeisti hibridiniais kompozitais, kurie pasižymi puikiomis savybėmis [32], ypač 

nešančiųjų ir kitų statybinių konstrukcijų srityse [33], [34]. Gaminiai, pagaminti iš 

natūralaus pluošto kompozitų, naudojami įvairioms reikmėms, įskaitant palatų 

lenteles,langus, automobilių durų plokštes, sporto įrangą, stalus, pakavimo lentynas ir 

lengvas prekes [35–37]. Dauguma natūralaus pluošto kompozitų yra trumpo pluošto 

kompozitai, turintys netaisyklingą armatūros ilgį ir orientacijos pasiskirstymą [38], 

[39]. Žinoma, kad nepertraukiamo pluošto kompozitai turi nedidelį tamprumo modulį 

ir stiprumą, palyginti su ištisiniu pluoštu armuotais kompozitais [40]. Visgi yra 

daugiau lankstumo pasirenkant gamybos būdus. Nepertraukiamo pluošto kompozitai 

gali būti pagaminti taikant įvairius plastiko apdirbimo būdus. Tai atveria 

supaprastintos masinės gamybos galimybes [41]. 

Kompozituose armatūra ir matrica išlaiko savo unikalias fizines ir chemines 

savybes. Tačiau derinamos jos sukuria išskirtinį savybių rinkinį, kurio negali pasiekti 

vienas iš komponentų [42]. Pagrindinis šių medžiagų tikslas yra pasiekti savybių 

pusiausvyrą derinant įvairias sudedamąsias dalis. Jungiamosios medžiagos, dangos ir 

užpildai yra papildomi komponentai, kurių gali būti kompozituose. Pluoštams 

naudojamos jungiamosios medžiagos ir dangos, siekiant pagerinti jų suderinamumą 

su matrica, skatinant geresnį drėkinimą ir sukibimą pluošto bei matricos sąsajoje [43]. 

Manoma, kad nanodalelių pavidalo užpildų pridėjimas prie kompozicinės medžiagos 

yra labai perspektyvus gerinant kompozitų mechanines ir fizines savybes [44]. 

Nepaisant puikių mechaninių savybių, natūralaus pluošto kompozitai turi tam 

tikrų trūkumų, tokių kaip prastos sukibimo savybės[45], plastiškumas[46], jautrumas 

drėgmei[47], vidiniai įtempiai[48] ir kt. Dėl šių trūkumų gali susilpnėti sudėtinės 

medžiagos stiprumas ir pablogėti jos mechaninės savybės.  Siekiant pašalinti šiuos 

trūkumus, buvo bandoma naudoti įvairius natūraliu pluoštu sustiprintus hibridinius 

polimerinius kompozitus. Buvo atliktas armatūros medžiagų šarminis ir terminis 

apdorojimas, o siekiant suprasti gamybos klaidas sukurti įvairūs gamybos būdai. 

Hibridiniai kompozitai su įvairiomis svorio frakcijomis buvo pagaminti siekiant 

pagerinti medžiagos mechanines savybes ir pasiūlyti juos naudoti tvariose srityse, 

mikrofluidikoje, pavyzdžiui, vienkartiniams prietaisams, įvairiems mikroskysčių 

sistemų komponentams (pavyzdžiui, substratams) ir prietaisų pakuotėms gaminti. 
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Tikslas ir uždaviniai: 

Tikslas: 

Daktaro disertacijos tikslas – sukurti hibridinius pluoštu armuotus polimerinius 

kompozitus ir ištirti jų mechanines, morfologines bei drėkinimo charakteristikas 

tvariems pritaikymams. 

Uždaviniai: 

Pagrindiniam baigiamojo darbo tikslui pasiekti buvo sukurtas konkrečių uždavinių 

rinkinys: 

1. Pagaminti hibridinius kompozitus sutvirtinant natūralius pluoštus epoksidine 

matricine medžiaga ir ištirti kaip hibridizacijos įterpimas paveikia kompozitų 

mechanines savybes. 

2. Nustatyti cheminio apdorojimo poveikį natūraliu pluoštu armuotų hibridinių 

kompozitų mechaninėms savybėms ir palyginti jų veikimą su neapdorotais 

pluošto kompozitais. 

3. Sukurti skaitmeninį metodą ir atlikti eksperimentinę analizę, siekiant ištirti 

įvairių matricinių medžiagų įtaką hibridinių polimerinių kompozitų savybėms. 

4. Įvertinti nanodalelių įtaką hibridiniams pluošto kompozitams, skirtiems naudoti 

mikrofluidikos srityje.. 

Tyrimo metodai: 

Kaip minėta anksčiau, šios disertacijos tikslas yra sukurti ir apibūdinti hibridinių 

pluoštu armuotų kompozitų mechanines savybes tvariam pritaikymui, atsižvelgiant į 

matricos medžiagos įtaką, cheminį apdorojimą, nanodalelių įterpimą ir kintamą 

pluošto masės frakciją. Kompozitai buvo sukurti taikant hibridizacijos koncepciją, 

naudojant Caryota, sizalio, bananų, ananasų, kanapių, linų, epoksidinio stiklo ir 

bazalto pluoštus kaip sutvirtinimus, o epoksidines dervas, ekopoksidą ir poliesterio 

dervas kaip matricines medžiagas. Grafitas buvo naudojamas kaip užpildas 

nanodalelėms įterpti. Įvairių svorio frakcijų kompozitai buvo gaminami taikant 

rankinį klojimą, po to buvo taikomas formavimas suspaudžiant, vakuuminio dervos 

perdavimo technika ir laisvojo laminavimo vakuuminiu būdu metodai. Cheminiam 

apdorojimui buvo naudojami NaOH ir HCl tirpalai. Eksperimentiniais tyrimais 

įvertintos mechaninės savybės, įskaitant tempimo bandymus, lenkimo bandymus ir 

tarpsluoksninius šlyties bandymus, atliktus su Tinus Olsen H10KT, smūgio 

bandymus, atliktus su Coesfeld Magnus smūgio testeriu, ir kietumo bandymus, 

atliktus su Vickers kietumo testeriu. Drėgnumo analizė atlikta taikant kontaktinio 

kampo matavimo analizę. Be to, atlikti morfologiniai tyrimai taikant Hitachi S-3400N 

SEM analizę ir Bruker Quad 5040 SEM-EDX analizę. Teoriniai tyrimai atlikti taikant 

modifikuotą Halpin-Tsai modelį. 

Tyrimo darbo naujumas 

Tai yra pagrindinės mokslinio darbo, atlikto su natūraliu pluoštu sustiprintais 

hibridiniais kompozitais, išvados ir rezultatai: 
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1. Natūralaus pluošto hibridinių kompozitų mechaninės savybės yra kelis kartus 

geresnės nei atskirų pluoštinių kompozitų. 

2. Eksperimentinė analizė rodo, kad natūraliu pluoštu armuotų hibridinių 

kompozitų mechaninės savybės pirmiausia priklauso nuo armatūros medžiagų 

tūrio dalies. 

3. Natūralaus pluošto ir epoksidinių kompozitų tarpsluoksnio šlyties stipris yra du 

kartus stipresnis nei kompozitų su ekopoksidine matricine medžiaga, nustatyta 

tiek teoriniais, tiek eksperimentiniais metodais. 

4. Natūralių pluoštų apdorojimas šarminiu būdu pastebimai gerina švarą, didina 

paviršiaus šiurkštumą, pluošto matricos sukibimą ir leidžia juos geriau suderinti 

su polimerinėmis matricomis – visa tai gali turėti įtakos bendram kompozicinių 

medžiagų veikimui. 

5. Grafito nanodalelių pridėjimas rodo, kad hibridinių kompozitų poringumas 

sumažėja ir padidėja atsparumas drėgmei. 

6. Natūralaus pluošto hibridinių kompozitų mechaninės savybės yra panašios arba 

netgi pranašesnės už sintetinio pluošto kompozitų savybes. Šią išvadą patvirtina 

morfologiniai tyrimai ir drėkinamumo analizė, kuri dar geriau parodo puikias 

sąsajos sukibimo savybes. 

Ginamieji teiginiai 

1. Hibridinių kompozitų morfologines savybes galima pastebimai pagerinti 

gamybos proceso metu įdiegus vakuuminio laisvojo laminavimo ir dervos 

pernešimo modelius. 

2. Apdorojimo šarminiu būdu taikymas natūralių pluoštų paviršiaus savybėms 

pagerinti yra naujas ir veiksmingas būdas pagerinti natūralaus pluošto 

kompozitų mechanines savybes. 

3. Hibridinių kompozitų tarpsluoksnių šlyties stiprio ir šlyties energijos tyrimas 

yra naujas metodas armatūros ir matricos sąsajų sujungimui įvertinti. Jis gali 

suteikti informacijos apie kompozicinės medžiagos patvarumą ir 

ilgaamžiškumą. 

Praktinė vertė 

Praktinę šio tiriamojo darbo vertę, nors ir glaudžiai susijusią su moksline 

naujove, galima apibendrinti taip. 

1. Natūralaus pluošto hibridinių kompozitų tyrimai padeda kurti ekologiškus 

sprendimus, kurie mažina priklausomybę nuo neatsinaujinančių išteklių ir 

poveikį aplinkai. 

2. Medžiagų parinkimo ir gamybos metodų optimizavimas leido pagerinti 

kompozicinės medžiagos mechanines charakteristikas. Tai gali padėti sukurti 

tvirtesnes ir patvaresnes kompozicines medžiagas, skirtas naudoti lengvose 

konstrukcijose. 

3. Šarminio apdorojimo ir grafito nanodalelių įterpimo tyrime pabrėžiami būdai, 

kaip pagerinti natūralaus pluošto kompozitų veikimą. Šios žinios gali būti 
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pritaikytos praktiniams gamybos procesams, siekiant pagerinti kompozitinių 

medžiagų kokybę ir savybes. 

4. Natūralaus pluošto hibridinių kompozitų kūrimas gali būti taikomas 

mikrofluidiniams įrenginiams, tokiems kaip kanalai, lustų substratai, kameros, 

maišytuvai ir vožtuvai, gaminti. 

Tyrimo aprobavimas 

Šios publikacijos ir tyrimų rezultatų pristatymai parodo doktorantūros studijų 

metu atliktų tyrimų reikšmę ir poveikį mokslo pasauliui. 

Disertacijos rezultatai paskelbti 7 moksliniuose straipsniuose, iš kurių 6 

publikuoti tarptautiniuose žurnaluose, įrašytuose į ISI Web of Science duomenų bazę 

ir turi citavimo indeksą. Pažymėtina, kad penki iš septynių paskelbtų straipsnių buvo 

paskelbti „1 kvartilio“ žurnaluose, o vienas buvo paskelbtas „2 kvartilio“ žurnale. 

Vienas pranešimas buvo paskelbtas kaip konferencijos tęsinys tarptautinėje 

konferencijoje. 

Rezultatai taip pat pristatyti 4 tarptautinėse konferencijose ir 5 tarptautiniuose 

moksliniuose seminaruose. 

LEIDINIŲ APŽVALGA 

2.1 Natūralaus pluošto Caryota ir sizalio epoksidinių hibridinių kompozitų 

mechaninių savybių kūrimas ir analizė (mokslinė publikacija nr. [A2]) 

Straipsnyje aprašoma hibridinių kompozitų, naudojant anglies bei sizalio 

pluoštus kaip sutvirtinimus ir epoksidinę dervą kaip matricinę medžiagą, kūrimą bei 

apibūdinimą. Kompozitai buvo paruošti rankinio klojimo metodu, įvertintos jų 

mechaninės ir drėgmės sugėrimo savybės. Buvo atlikti tempimo, lenkimo ir smūgio 

bandymai, kurių rezultatai parodė, kad hibridiniai kompozitai pasižymi geresnėmis 

mechaninėmis savybėmis, palyginti su grynais kompozitais. Pastebėta, kad hibridinių 

kompozitų tempiamasis stipris ir modulis buvo atitinkamai iki 38,2 MPa ir 6,44 GPa, 

o grynųjų kompozitų – atitinkamai iki 25,7 MPa ir 5,66 GPa. Hibridiniai kompozitai 

taip pat pasižymėjo didesne lenkimo jėga ir smūgio energija, palyginti su grynaisiais 

kompozitais. Drėgmės sugerties bandymai parodė, kad visi kompozitai laikui bėgant 

reagavo į drėgmę, o grynųjų kompozitų absorbcijos greitis buvo didesnis nei 

hibridinių kompozitų. SEM analizė atskleidė, kad anglies masės procentas buvo 

didesnis paviršiuje nei lūžio padėtyje, o deguonies masės procentas buvo didesnis 

lūžio padėtyje nei paviršiuje, tai rodo, kad matricos medžiagos koncentracija buvo 

didesnė paviršiaus padėtyje, bet štai skaidulų procentas buvo didesnis lūžio (vidinėje) 

padėtyje. Tyrime pabrėžiamas hibridinių kompozitų panaudojimo įvairiose pramonės 

srityse potencialas ir siūlomi tolesni tyrimai, siekiant optimizuoti kompozitų 

mechanines savybes, naudojant įvairius natūralius pluoštus ir taikant įvairius gamybos 

būdus. Rekomenduota toliau tirti hibridinius kompozitus su skirtingais natūraliais 

pluoštais ir gamybos būdus, siekiant pagerinti jų mechanines savybes. Apskritai šiame 

straipsnyje pabrėžiamas natūralaus pluošto hibridinių kompozitų, kaip tvarios ir 

aplinkai nekenksmingos alternatyvos tradicinėms kompozicinėms medžiagoms, 
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potencialas ir natūralus pluoštas gali būti naudojamas kaip mikrofluidinių prietaisų 

pakavimo medžiaga. Dėl šios medžiagos biologinio suderinamumo ir mažos kainos ji 

yra tinkama vienkartiniams prietaisams. 

2.2 Natūraliu pluoštu sustiprintų epoksidinių hibridinių kompozitų mechaninių 

ir drėkinamumo savybių analizė (mokslinė publikacija nr. [A3]) 

Hibridiniai kompozitai buvo pagaminti naudojant kanapių, linų, bananų bei ananasų 

pluoštus kaip sutvirtinimus ir epoksidinę dervą kaip matricos medžiagą. Kompozitai 

buvo pagaminti remiantis hibridizacijos koncepcija, todėl gauti du hibridinių 

kompozitų rinkiniai (H/F ir B/P) su penkiomis skirtingomis svorio frakcijomis. 

Mechaninės ir drėkinimo savybės buvo išbandytos ir palygintos tarp dviejų kompozitų 

rinkinių. Mechaninės savybės buvo įvertintos išmatuojant lenkimo ir tarpsluoksnių 

šlyties stiprumo savybes. Kanapių/linų ir bananų /ananasų pluošto kompozitų lenkimo 

savybės svyravo atitinkamai nuo 60 MPa iki 88 MPa ir nuo 38 MPa iki 69 MPa. 

25H/15F hibridinis kompozitas pasižymi didžiausiu lenkimo stipriu – 87,57 MPa, o 

40B/0P kompozitas rodo mažiausią stiprumą esant 39,36 MPa. Nustatyta, kad abiem 

atvejais grynųjų kompozitų tarpsluoksninės šlyties stiprumo savybės yra pranašesnės 

už hibridinių kompozitų. Drėkinamumo analizė parodė, kad visų kompozitų 

kontaktinis kampas buvo mažesnis nei 90˚, o tai reiškia hidrofilines paviršiaus 

savybes. 

2.3 Kanapių ir linų pluoštu sustiprintų EcoPoxy matricinių biokompozitų 

tyrimas: morfologinės, mechaninės ir hidrofilinės savybės (mokslinė publikacija 

nr. [A4]) 

Šiame straipsnyje ištirtos kanapių ir linų lino natūralaus pluošto hibridinių 

kompozitų mechaninės ir morfologinės savybės, esant ekopoksidinei dervai kartu su 

kietikliu. Kompozitai buvo sukurti naudojant natūralius pluoštus kaip sutvirtinimus ir 

ekopoksidinę dervą kaip matricinę medžiagą. Siekiant pagerinti pluošto paviršiaus 

savybes ir sukibimo savybes, buvo atliktas šarminis apdorojimas NaOH tirpalu, o 

rezultatai buvo stebimi atliekant mikroskopinę analizę ir FTIR analizę. Cheminio 

apdorojimo įtaka natūraliam pluoštui buvo stebima pašalinant paviršiaus įtrūkimus, 

įlinkimus ir paviršiaus nelygumą, esantį natūraliuose pluoštuose. Vėliau jis pagerino 

pluošto sukibimo savybes. Sąlyčio kampas buvo pastebėtas mažesnis nei 90˚ tiek 

įprasto, tiek nelygaus pluošto atvejais. Tačiau nešvarumų atveju hibridinio kompozito 

kontaktinis kampas buvo artimas 90˚, o tai reiškia, kad kompozitai linkę parodyti 

hidrofobines paviršiaus savybes. Remiantis mechaninėmis savybėmis, buvo 

pastebėta, kad kanapių/linų natūralaus pluošto hibridiniai biokompozitai pasižymi 

geresnėmis mechaninėmis savybėmis, palyginti su hibridinio pluošto kompozitais. 

Dėl gerų paviršiaus savybių ir mechaninių savybių šie kompozitai yra tinkamas 

pasirinkimas pakuoti medžiagas mikrofluidiniuose įrenginiuose. Be to, dėl biologinio 

suderinamumo ir mažos medžiagos kainos ji yra tinkama vienkartiniams 

mikrofluidiniams prietaisams. 
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2.4 Natūraliu pluoštu sustiprintų hibridinių polimerų kompozitų mechaninių 

savybių ir poveikio matricinei medžiagai skaitmeninė ir eksperimentinė analizė 

(mokslinė publikacija nr. [A5]) 

Šiame moksliniame straipsnyje buvo tiriama matricinės medžiagos įtaka 

natūralaus pluošto hibridinių kompozitų mechaninėms savybėms. Kompozitai buvo 

pagaminti naudojant kanapių ir linų pluoštus kaip sutvirtinimus ir epoksidinę dervą 

bei ekopoksidinę dervą su kietikliu kaip matricines medžiagas. Buvo išnagrinėtos ir 

palygintos dviejų tipų matricinių medžiagų mechaninės kompozitų savybės, tokios 

kaip atsparumas lenkimui, tarpsluoksninis šlyties stiprumas ir drėgnumas. Halpin-

Tsai metodas buvo taikomas teorinei kompozitų analizei. Rezultatai parodė, kad 

epoksidiniai kompozitai pasižymi geresnėmis mechaninėmis savybėmis, palyginti su 

hibridiniais kompozitais ekopoksidinės matricos pagrindu. Be to, abiejų tipų 

hibridiniai kompozitai pasižymėjo geresnėmis mechaninėmis savybėmis nei grynieji 

kompozitai. SEM-EDX analizė atskleidė, kad anglies masės procentas buvo didesnis 

paviršiuje virš lūžio padėties abiem atvejais, o deguonies masės procentas buvo 

didesnis lūžio padėtyje. Deguonies procentas buvo didesnis ekopoksidinės matricos 

medžiagos atveju dėl jos biologinio aktyvumo. Teoriniam vertinimui taikytas 

modifikuotas Halpin-Tsai metodas, tačiau nustatyta, kad šio metodo klaidų procentas 

buvo didesnis lyginant su skaitiniais metodais. Todėl Halpin-Tsai metodas gali būti 

netinkamas taikymui natūralaus pluošto hibridinių kompozitų atveju.. 

2.5 Užpildo įtaka bazalto/E-stiklo audinio – mikrofluidikai skirtų armatūros 

kompozitų drėgnumui ir mechaninėms savybėms (mokslinė publikacija nr. [A6]) 

Šioje mokslinėje publikacijoje buvo ištirta užpildo dalelių įtaka hibridinių 

kompozitų mechaninėms savybėms. Bazalto/ E-stiklo pluošto hibridinių kompozitų 

gamybai buvo sukurtas naujas gamybos technikos metodas. Grafito miltelių 

nanodalelės buvo naudojamos kaip kompozitų užpildas. Šios nanodalelės paruoštos 

mechaninio malimo būdu ir jų dydis svyravo nuo 50 nanometrų iki 80 nanometrų. 

Šios nanodalelės buvo įsigytos iš Sigma-Aldrich Chemicals Private Limited, esančios 

Bangalore, Indijoje. Hibridinių kompozitų su 5%, 10% ir 15% masės grafito užpildo 

dalelių smūgio energijos lygiai buvo atitinkamai 3,8 KJ/m2, 4,0 KJ/m2 ir 3,9 KJ/m2, 

didesni nei grafito užpildo dalelių. grynojo bazalto ir E-stiklo kompozitų atveju. SEM 

analizė parodė, kad užpildo dalelių įterpimas pagerino pluoštų ir matricos sąsają, todėl 

pagerėjo mechaninės savybės. Tačiau užpildo dalelių masės koncentracijai viršijus 

10%, hibridinių kompozitų mechaninės savybės pablogėjo dėl aglomeracijos ir 

prastos užpildo dalelių sklaidos. Rezultatai rodo, kad pridėjus nedidelį užpildo dalelių 

kiekį galima žymiai pagerinti hibridinių kompozitų mechanines savybes, tačiau reikia 

atidžiai kontroliuoti užpildo dalelių masės koncentraciją, kad būtų išvengta neigiamo 

poveikio kompozicinės medžiagos savybėms. Apskritai šio tyrimo išvados turi 

svarbių pasekmių kuriant puikios kokybės kompozicines medžiagas, pasižyminčias 

patobulintomis mechaninėmis savybėmis, ir šias medžiagas galima naudoti kaip 

mikrofluidinių lustų substratą. Dėl mažos medžiagos kainos ir gamybos paprastumo 

tai yra patraukli galimybė gaminti mikrofluidiniams lustams. 
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IŠVADOS 

Iš penkių mokslinių straipsnių apžvalgos galima padaryti šias išvadas kaip 

suformuluotus tikslus ir uždavinius, remiantis keturiais tikslais, kurie buvo nustatyti 

tyrimo pradžioje: 

1. Hibridiniai kompozitai iš natūralių pluoštų ir epoksidinių matricų medžiagų, 

buvo pagaminti taikant įvairius gamybos būdus. Caryota ir sizalio pluošto hibridiniai 

kompozitai pasižymėjo geresnėmis mechaninėmis savybėmis, palyginti su vieno 

pluošto kompozitais, kurių tempiamasis stipris buvo 38 MPa, stipris lenkiant 89,16 

MPa ir lenkimo modulis 3,40 GPa. Kanapių ir linų pluošto kompozitų tarpsluoksninis 

šlyties stipris svyravo nuo 6,30 MPa iki 13,50 MPa. 25H/15F hibridinių biokompozitų 

didžiausias lenkimo stipris ir modulis buvo 87,50 MPa ir 3,45 GPa, 

2. Armatūros medžiagos šarminis apdorojimas 5 % NaOH tirpalu parodė neigiamą 

poveikį mechaninėms savybėms. Morfologinis tyrimas atskleidė, kad chemiškai 

apdorotose pluoštinėse medžiagose pašalinami paviršiaus įtrūkimai, sulenktos juostos 

ir pagerėjo paviršiaus šiurkštumas, o tai galiausiai paveikė mechanines savybes. FTIR 

analizė parodė funkcinių grupių pokyčius ir hidroksilo grupių (-OH) intensyvumą. (-

OH) hidroksilo smailių intensyvumas, pastebėtas prieš apdorojimą, buvo apie 2700-

2900 cm-1, o po apdorojimo apie 2200-2500 cm-1. Be to, lignino ir hemiceliuliozės 

smailės sumažėjo atitinkamai ties 1130 cm-1 ir 960 cm-1. Šie cheminės struktūros 

pokyčiai parodė funkcinių grupių transformacijas, priemaišų pašalinimą ir pagerėjusį 

celiuliozės kristališkumą, taip pagerinant pluošto paviršiaus savybes. 

3. Pastebėta, kad epoksidinės matricos pagrindu pagaminti hibridiniai kompozitai 

pasižymėjo du kartus geresnėmis mechaninėmis savybėmis, palyginti su hibridiniais 

kompozitais ekopoksimatricos pagrindu. Epoksidinių kompozitų didžiausias lenkimo 

ir šlyties stipris buvo atitinkamai 78 MPa ir 13 MPa, o ekopoksidinių kompozitų – 

atitinkamai 30 MPa ir 10 MPa. Kompozitų tamprumo savybės buvo nustatytos atlikus 

teorinę ir skaitinę analizę, pastebėta, kad modifikuotas Halpin-Tsai metodas turėjo 

didesnes paklaidas. 

4. Bazalto ir E-stiklo pluošto pagrindu pagaminti epoksidiniai hibridiniai 

kompozitai su 10 % grafito užpildo pasižymėjo geresnėmis mechaninėmis savybėmis, 

palyginti su atskirais bazalto ir E-stiklo pluošto kompozitais. B/E/G15 kompozitas 

pasižymėjo didžiausiu lenkimo stipriu – 43,81 MPa, lenkimo moduliu  – 3,57 GPa, o 

epoksidinės dervos pagrindu pagaminti B/E/10G kompozitai pasižymėjo geriausiomis 

tempimo savybėmis. Akytumas hibridiniuose kompozituose su užpildu buvo 

mažesnis nei tuose, kuriuose nėra užpildo. 

Remiantis išvadomis, natūralaus pluošto hibridiniai kompozitai gali pakeisti 

dirbtinio pluošto kompozitus tvariose srityse, įskaitant lustų substratus, pakavimo 

įrenginius, mikrofluidinius kanalus ir vožtuvų medžiagas. 
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