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ABSTRACT 

Fiber-reinforced polymer composites (FRPs) are used in various applications in several 

industries (e.g., aerospace, marine, transportation, construction and sporting goods). They 

are the primary choice because of their lightweight, corrosion resistivity, lower life-cycle 

cost, and tailorability. However, a significant volume of today’s FRPs consists of fibers 

like carbon, aramid, glass and thermoset resins (e.g., epoxy, polyester vinyl ester and 

phenolics) that are non-recyclable or non-biodegradable. Consequently, their disposal in 

landfills has created critical environmental issues. To combat the problem, researchers 

have been promoting the application of natural fiber-reinforced plastics (NFRPs) in 

various engineering applications in recent years. However, a significant and persisting 

concern about the current NFRPs is susceptibility to environmental elements (e.g., 

immersion in liquids and hot and humid environments) and their full recyclability issue, 

as most reinforcing natural fibres are embedded in thermoset resins. 

Therefore, this research aims to establish a cost-effective, fully sustainable, and 

recyclable composite made of mineral-based fiber (basalt) and a recyclable resin 

(Recyclamine). A comprehensive experimental investigation is conducted to characterize 

the composite's basic mechanical properties (i.e., tensile, compressive, shear and flexural 

strengths and stiffnesses) and its impact characteristics. Microscopic analysis is 

conducted to assess the failure modes. Additionally, various micromechanical analytical 

approaches' predictive capabilities are evaluated and specifically applied to these new 

composites. The evaluated properties are compared against the properties of comparable 

basalt epoxy composite to establish the feasibility and effectiveness of the developed 

fully sustainable and recyclable composite. 

The results demonstrate the viability of basalt-Recyclamine as a cost-effective contender 

to basalt-epoxy. The theoretical models are also validated, endorsing their utility as a 

preliminary predictive tool for establishing the basic mechanical properties of the new 

composite. Finally, Microscopic and SEM analyses highlight the microstructural 

differences that explain the observed variations in mechanical properties.  
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CHAPTER 1 INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION  

In recent years, there has been a growing interest in making any mode of transport 

lightweight. For instance, the application of lightweight materials in aircraft has directly 

impacted factors such as fuel consumption, agility, and navigation dynamics. Similarly, it 

is estimated that a decrease of approximately 25% in vehicle weight, which is possible 

using fiber-reinforced plastics (FRPs), can save 250 million barrels of crude oil yearly 

[1]. The use of lightweight materials in the aviation industry is also predicted to increase 

in recent years. Furthermore, the incorporation of lightweight materials in windmill 

construction, the leading renewable energy source, is also becoming apparent. The 

worldwide lightweight materials market volume was projected to be around USD 113.78 

billion in 2016 and is estimated to record a compound annual growth rate (CAGR) of 

8.9% over the predicted period. These recent data, acquisition and merger agreements 

show lightweight materials' potential growth [1]. 

To meet these demands, lightweight composite materials like FRPs have become quite 

popular amongst industries and researchers. Fiber-reinforced polymers (FRPs) are 

composite materials consisting of two or more materials with unique characteristics when 

combined. They are different than traditional materials like aluminum or steel, which are 

isotropic, meaning their properties are uniform in all directions regardless of the applied 

load. As FRPs are anisotropic, their mechanical properties are prevalent in the direction 

of fiber and applied load [2]. As a result, fibers are placed in various directions to sustain 

the common multiaxial loading states. 

Traditional FRPs typically contain glass, carbon, or aramid fibres embedded in resins like 

epoxy, polyester, or vinyl ester. The first FRPs were introduced after World War II by the 

petrochemical industry. Their lightweight and high-performing characteristics were 

commercialized in the late 1960s and early 1970 in the aerospace and aeronautical 

industries. Funding provided by various industries and governments promoted the interest 

in composite research in the late 1980s and throughout the 1990s. As a result, besides 
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their applications in sporting goods, marine and aerospace, composites gained acceptance 

for use in the construction industry [3].  

Despite several attempts to recycle and reform FRPs in recent years in certain 

applications like cabins and gatehouses [4], a great majority of FRPs still go to waste and 

landfills since they are made from materials that are not easily deformable and recyclable 

and for specific applications. Consequently, their environmental impact has become a 

growing concern. The primary problem lies in their end-of-life disposal; these materials 

are often non-biodegradable and pose challenges in recycling, leading to environmental 

pollution [5].  

To combat these environmental challenges, researchers have focused their resources on 

biofilters or natural fiber-reinforced polymers (NFRPs), which are biodegradable and 

environmentally friendly. These consist of bast fibers (flax. hemp, jute, etc.), leaf fibers 

(like sisal and banana) and mineral and synthetic fibers (like basalt and aramid). Some of 

these materials are more advantageous in terms of availability, affordability and 

machinability than some traditional FRPs, like glass fibers, making them very 

competitive in specific applications in the automotive and aerospace industries. For 

example, Ford started using the NFRPs in their cars as early as the 1930s and flax-

reinforced polymers were first used in planes in 1940s [6,8]. 

Despite the advancement, the polymer matrix used for resins like thermoplastic and 

thermoset polymer matrices is generally used to manufacture components. These still 

pose an environmental threat since they can be toxic and dependent on petroleum 

resources. Improper disposal of polymer composites can be carcinogenic and potentially 

pollute waters [9]. 

Few studies have been conducted to find a suitable alternative, such as the recyclability 

of the matrix resin. Most research focused on fibers has aimed to address their 

recyclability/biodegradability. This research is particularly relevant as it addresses the 

pressing need for sustainable materials in industries heavily reliant on traditional FRPs. 

By investigating the viability of basalt fibers with eco-friendly resins, this study 
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contributes to advancing the field of sustainable materials science, potentially impacting a 

range of applications from construction to consumer goods. 

1.2 PROBLEM STATEMENT AND OBJECTIVES  

In response to the environmental and health challenges posed by traditional FRPs and 

matrix resins, this study focuses on developing sustainable composite materials using 

biodegradable and sustainable basalt fibers combined with an eco-friendly and recyclable 

resin, specifically Recyclamine. Basalt fibers, derived from natural basalt rock, offer an 

environmentally friendly alternative to synthetic fibers. Moreover, Recyclamine presents 

an innovative approach to resin formulation, a recyclable option with the potential to 

significantly reduce the environmental footprint of composite materials. 

 

The main objective of this study is to investigate the mechanical performance of Basalt 

fiber composites using Recyclamine under various loading states and compare the 

performance to that of equivalent basalt-epoxy and the more commonly used E-glass 

epoxy. This research aims to determine the effectiveness of these materials in creating a 

more sustainable composite without compromising on mechanical performance. In brief, 

the study aims to reach the following goals:  

a. To establish the void content of the composites used in this study. 

b. To establish the basic mechanical properties (i.e., tensile, compressive, shear, 

flexural) and impact response of the basalt-Recyclamine and basalt-epoxy 

composites in accordance with the ASTM Standards. 

c. To understand the failure mechanism and modes of the composites using digital 

and scanning electron microscopy. 

d. To assess the feasibility and potential of basalt-Recyclamine as a recyclable 

alternative to E-glass epoxy for use in industrial applications.  

1.3 SCOPE AND LIMITATIONS  

As stated, this thesis will focus on characterizing the mechanical properties of basalt fiber 

composites formulated with Recyclamine and epoxy resins. The study includes the items 

noted above. While the research primarily concentrates on mechanical performance, it 
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will also touch lightly upon the environmental aspects of using basalt fibres and 

Recyclamine in the literature review section.  

However, the study will not cover other important aspects like the environmental impact 

assessment, such as life cycle analysis or long-term biodegradability and other important 

influences, such as the effect of moisture absorption/wettability and the resin’s 

recyclability.  

1.4 THESIS OVERVIEW 

CHAPTER 1 of the thesis presents the motivation and justification for the research and 

the current trends in the industry regarding sustainability.  

CHAPTER 2 presents a literature review of the use of traditional and natural fibres in 

different polymer matrices. This review includes tables comparing different types of 

NFRPs and matrices generally used in laminated composites as well as the mechanical 

properties of several different natural fibers and natural fiber-reinforced polymer 

composites.  

CHAPTER 3 discusses the fabrication techniques and materials used in the development 

of the composites presented in this research. It provides a detailed overview of the 

materials selected, including the fibers and resins, and the method used to fabricate the 

composite samples.  

CHAPTER 4 discusses the experimental setup and procedures used in the fabrication and 

study of the mechanical properties of the mentioned composites. The appropriate 

American Society for Testing and Materials (ASTM) test standards are also presented in 

this research. 

CHAPTER 5 presents the experimental results and theoretical analysis, which provide a 

discussion of these results. The relationship between the proposed composite's 

mechanical properties and other findings from research on fibers. 
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CHAPTER 6 presents the conclusion and recommendations for additional investigations. 

As the material used in this work is relatively new, more research is required to establish 

a complete and reliable mechanical database for the fully recyclable composite. Hence, a 

brief section about additional studies on basalt-Recyclamine is included.  

The appendix contains the list of references and detailed results from the experiment.   
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CHAPTER 2 LITERATURE REVIEW 

2.1   OVERVIEW OF FIBER-REINFORCED POLYMER (FRP) COMPOSITE 

Composite Materials, as the name implies, consist of two or more constituent materials 

with different physical or chemical properties, which offer unique characteristics distinct 

from their constituents. In the context of this research, Fiber-reinforced polymers (FRPs) 

refer to composite materials consisting of fibers embedded in a polymer matrix. There 

has been a significant surge in applications of FRPs in various engineering fields such as 

construction, automotive, aerospace, biomedical, and marine [4]. Consequently, 

numerous research works and articles have been published on this topic.  

FRPs offer benefits such as weight reduction, high specific stiffness and strength, 

resistance against corrosion, low manufacturing costs, and improved integration. They 

are used in non-structural, semi-structural, and structural applications, with the latter 

being particularly important for crashworthy automobile structures [10]. Figure 2-1 

shows the exterior body parts of a Volkswagen x11 car made of carbon fiber. 

 

Figure 2-1: Volkswagen xl1 carbon fiber body parts, reproduced from [11]. 
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The advent of advanced composites (those composites made of stiff fibers such as 

carbon) has been a focus and attracted a significant volume of research into their potential 

for structural lightweight structural design with improved stiffness and strength increases 

[12,13]. Fibers like carbon, aramid, and glass, along with thermosetting resins like epoxy, 

polyester, vinyl ester, and phenolics, have been the common choices for FRP fabrication 

due to their mechanical, corrosion-resistant, and weight advantages over traditional 

materials. Table 2-1 illustrates the broad classification of fibers based on organic, 

inorganic, and other fibers.  

Table 2-1: Classification of fibers based on organic, inorganic, and other fibers [14,15].  

 

 

Organic Polyamides

Nylon, Aramids

Polyesters PET, PBT, PCDT

Polyvenyl Derivatives Polyacrilonitrile

PVC

PVA

Polyurethane Elastane

Spandex

Polyolefins Polyehtyline

Polypropylene

Inorganic Glass

Carbon

Boron

Silicone carbide

Others Bio-component

Multicomponent
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2.2 ENVIRONMENTAL CONCERNS OF NON-RECYCLABLE FRPS 

Despite several benefits of FRPs, the non-recyclable nature of conventional FRPs has 

raised critical environmental concerns. The increased awareness of the environment and 

its legislation have compelled scientists and industries to focus on the environmental 

impact of such materials in all stages of their life cycle, from manufacturing to ultimate 

recycling and disposal. The process is determined by a “life cycle assessment” (LCA) 

approach. It also considers the environmental impact of a given material/product during 

its service and its recycling, incineration, or dumping in a landfill site [16].  

For instance, various researches [10] have pointed out the air quality issue related to the 

manufacturing of FRPs using the typical processes such as grille, sheet, twining, twining, 

moulding, pultrusion and others, which emit volatile organic compounds (VOC) into the 

atmosphere. The VOC emission studied by Hao [18] related to the manufacturing of 

FRPs showed that the most significant emission is of the benzene series, with a 

considerable ozone formation potential (OFP).  

Furthermore, the production of plastics from fossil resources and burning plastic waste 

emit roughly 400 million tonnes of CO2 each year globally [19]. These points to the 

considerable environmental challenge posed by the current practices surrounding plastic 

use and disposal, highlighting the urgency for adopting sustainable measures and 

enhancing recycling efforts to reduce the ecological footprint. Figure 2-2 shows the 

results for typical grille, sheet, twining, moulding, and pultrusion processes; the ozone 

formation potential (OFP) of the benzene series produced by styrene, which mainly 

comes from the use of unsaturated resin contributed far more to OFP than other VOC 

species. Benzene is also highly carcinogenic, which can affect the air quality and human 

health, especially children, the elderly, pregnant women and people with existing health 

conditions [20].  
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Figure 2-2: Ozone formation contributes to VOC emissions from different processes [18]. 

The epoxy resin market is also expected to grow significantly, driven by rising demand in 

various sectors such as automotive, aviation, construction, and electronics. the epoxy 

resin market is projected to produce around 5,000 thousand tonnes, with a Compound 

Annual Growth Rate (CAGR) of approximately 4.16% from 2022 to 2030. The forecast 

indicates continued expansion due to advancements in resin technology and increasing 

applications in renewable energy sectors [21].  

Environmental problems arise from the release of elementary flows during different 

phases of a product's life cycle. The carbon footprint (CFP) measures the total 

greenhouse gas emissions, primarily from LER (Low Emission Resin) production, which 

accounts for 84.5% of the product's overall carbon footprint. Additionally, the removal of 

LER during End-of-Life Vehicle (ELV) waste management contributes 7.8% to the total 

CFP [22].  

If effective recycling techniques are not implemented, the total waste of composite, 

especially carbon fiber-reinforced polymer composites utilized by wind turbines and the 

aviation industry, is expected to reach approximately 840,300 tons by 2050. This amount 

is comparable to the volume occupied by 34 large football stadiums [23]. By 2016, the 
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most recent year for which extensive economic data was available, the global car 

population had reached 1.32 billion vehicles, following an annual growth rate of 4.48%. 

Industry analyses predict car ownership will increase to 2.4 billion by 2050 [24]. The 

estimated number of vehicles and the projected generation of end-life vehicles (ELVs) for 

several countries are detailed in Table 2-2. 

Table 2-2: Global and country estimates of car ownership and ELVs [24]. 

Country 
Automobile ownership 

(units) 

Deregistered vehicles 

(units/year) 

ELVs 

(units/year) 

USA 239,811,984 20,419,898 12,000,000 

Japan 75,361,876 4,080,000 2,960,000 

EU 271,319,000 14,077,000 7,823,211 

Germany 45,261,188 2,570,137 500,193 

Italy 41,649,877 1,835,293 1,610,137 

France 37,744,000 2,002,669 1,583,283 

UK 35,478,652 1,810,571 1,157,438 

Spain 27,750,000 996,718 839,637 

Global 

total 
1,016,763,420 115,805,275 40,176,051 

Due to raising concerns about landfill waste and landfill sites producing greenhouse gases 

like methane and carbon dioxide [25], several countries and regions have addressed the 

critical need to meet sustainability goals. These countries have enforced measures to 

reduce the volume of products ending up in landfills and have encouraged companies to 

develop effective waste management strategies, especially for end-of-life (EoL) products. 

Several legislations have been adopted and applied by various countries like Germany 

[26], the Netherlands [27], France [27], China [28], Japan [29], and Korea [29] to address 

the challenge. One prominent instance is the EU directives End of Life Vehicles (ELV, 
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2000/53/EC), legislation that requires 85% of the ELV to be reused or recycled by 1st 

January 2015, with 10% incinerated for energy recovery and only 5% landfill waste [30]. 

Moreover, Germany has wholly banned composite landfill waste, and the other EU 

countries are forecasted to follow [31]. Table 2-3 shows the legislation adopted by 

different regions and their recyclable goal. 

Table 2-3: A comparison of the ELV management methods in various countries and regions (adopted from [32]). 

  EU Japan Korea China US 

ELV 

manage

ment 

system 

Law: 

Directive 

2000/53/EC of the 

European 

Parliament. 

The Council of 18 

September 2000 

on end-of-life 

vehicles (enforced 

in 2000) 

Law: 

Law for the 

Recycling of 

End-of-Life 

Vehicles 

(enforced in 

2005)  

Law: 

Act for Resource 

Recycling of 

Electrical/Electro

nic Equipment and 

Vehicles (enforced 

in 2008) 

Law: 

End-of-Life 

Vehicle Recycling 

Regulation 

(enforced in 2001)  

Automotive 

Products Recycling 

Technology Policy 

(declared in 

February 2006)  

Related law: 

Resource 

Conservation 

Recovery Act 

Clean Air 

Act, etc. 

Recycle 

target 

Until 2006: 

Reuse +Recovery: 

85 % 

Reuse + Recycle: 

80 % 

Until 2015: 

Reuse +Recovery: 

95 % 

Reuse + Recycle: 

85 % 

Airbag: 85 % 

ASR: 70 % 

(from 2015 

onwards) 

50 % (2010 - 

2014) 

30 % (2005–

2009) 

Until 2014: 

Material + energy 

recovery: 85 % (of 

which energy 

recovery rate is 

within 5 %) 

After 2015: 

Material + energy 

recovery: 95 % (of 

which energy 

recovery rate is 

within 10 %) 

Possibility of 

recycling: 

2010: about 85 % 

(material recycling 

of 80 % or more) 

2012: about 90 % 

(material recycling 

of 80 % or more) 

2017: about 95 % 

(material recycling 

of 85 % or more) 

No specific 

goals (95 % 

of ELVs 

enter the 

recycling 

route, of 

which 80 % 

of the 

materials are 

recycled) 
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2.3 OVERVIEW OF THE RESEARCH OF NATURAL FIBER REINFORCED COMPOSITES  

Natural fiber-reinforced composites have gained significant attention due to their 

environmental friendliness, cost-effectiveness, and potential for improved mechanical 

properties [23,24]. These composites (or biocomposites) are suitable for various 

automotive, aerospace, marine, and construction applications [35]. However, their 

mechanical properties are not at par with most FRPs, but they can be further enhanced 

through proper synthesis and treatment of natural fibers [36]. With chemically treated 

fibers showing improved interfacial adhesion, better impact toughness and fatigue 

strength [24,26], the use of Natural Fiber-Reinforced Polymers (NFRPs) has been 

deemed particularly promising. The potential of applying these composites in the 

construction industry has also been undertaken since NFRPs can offer satisfactory 

mechanical properties and are renewable and biodegradable [37]. Abuthakeer [38] also 

highlights the importance of developing NFRPs, which, in return, also contribute to 

replacing heavy structures with lightweight materials without compromising the required 

strength. 

Moreover, NFRPs have been widely utilized in the automotive industry to enhance 

vehicle design and functionality. For instance, Ford uses NFRPs in models like the 

Mondeo CD 162 and Focus in components such as floor trays, door inserts, door panels, 

B-pillars, and boot liners. Similarly, Mercedes Benz incorporates a mix of flax, sisal, and 

wood fibers combined with epoxy resin or unsaturated polyester (UP) matrix in various 

classes (C, S, E, and A) of its vehicles. Additionally, Mercedez trucks are adopting 

NFRPs for fabricating engine covers, engine insulation, sun visors, interior insulation, 

bumpers, wheel boxes, and roof covers. These showcase these components' versatility 

and environmental benefits in modern automotive manufacturing [39].  Table 2-4 shows 

the most used types of NFRPs in well-known manufacturers of automobiles. 
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Table 2-4: Automotive models, manufacturers, and components using natural fiber composites (adapted from [40]). 

Model Manufacturer Components 

A2, A3, A4, A4 

Avant, A6, A8, 

Roadster, Coupe 

Audi 
Seat back, side and back door panel, boot lining, 

hat rack, spare tire lining 

3, 5, 7 series BMW 

Door panels, headliner panel, boot-lining, seat 

back, noise insulation panels, moulded foot well 

linings 

Raum, Brevis, 

Harrier, Celsior 
Toyota 

Door panels, seat backs, floor mats, spare tire 

cover 

Golf A4, Passat 

Variant, Bora 
Volkswagen 

Door panel, seat back, boot-lid finish panel, 

boot-liner 

Space star, Colt Mitsubishi 
Cargo area floor, door panels, instrumental 

panels 

Clio, Twingo Renault Rear parcel shelf 

Mercedes A, C, 

E, S class, 

Trucks, Evo Bus 

(exterior) 

Daimler-Benz 

Door panels, windshield/dashboard, business 

table, pillar cover panel, glove box, instrumental 

panel support, insulation, molding 

rod/apertures, seat backrest panel, trunk panel, 

seat surface/backrest, internal engine cover, 

engine insulation, sun visor, bumper, wheel box, 

roof cover 

Pilot Honda Cargo area 

C70, V70 Volvo Seat padding, natural foams, cargo floor tray 
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In the aerospace sector, NFRPs are also progressively utilized in aircraft construction due 

to their effectiveness in reducing weight and cost. Specifically, an aircraft's front top skin 

and floor stand are made of NFRPs, by integrating NFRPs, the overall aircraft weight can 

be decreased by up to 35%, which will significantly enhance fuel efficiency of the 

aircraft, hence, reducing environmental impact [41]. Figure 2-3 below shows typical 

applications of NFRPs in an aircraft. 

 

Figure 2-3:Natural fiber-reinforced polymer applications for a typical aircraft [41]. 

The global plastics and composites market is projected to grow from USD 624.8 billion 

in 2023 to USD 645.1 billion by 2030 at a Compound Annual Growth Rate (CAGR) of 

4.2% [42]. This growth is driven by the increasing substitution of traditional materials 

like glass, metals, and wood with plastics across various industries, including automotive 

Model Manufacturer Components 

Cadillac Deville, 

Chevrolet Trail 

Blazer 

General 

Motors 
Seat backs, cargo area floor 

Mondeo CD 162, 

Focus, Free Star 
Ford Floor trays, door panels, B-pillar, boot liner 
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and construction. The U.S. leads the North American market, with increasing demand in 

the automotive and construction sectors. Innovations and sustainability efforts will likely 

shape the market landscape. 

2.3.1 Types of Natural Fiber 

As briefly stated earlier, FRPs are highly desirable for their lower densities and higher 

specific mechanical characteristics compared to the traditional materials used in the 

industry [43]. As also stated, FRPs constitute two or more materials, such as 

reinforcement, matrix, and additives, aiming to merge the ideal properties of each 

constituent to form an optimal desired application-specific material [43]. Fibers exhibit 

greater strength and stiffness than matrix materials, serving as the principal load-bearing 

component within composite structures [15].  

Fibers can be divided into synthetic, non-synthetic, and natural fibers. Non-synthetic 

fibers, such as carbon and glass fibers, form most of the fibers used in the industry [43]. 

Synthetic fibers are human-made fibers created through chemical synthesis, classified as 

organic or inorganic. However, the raising environmental concerns like toxicity, 

recyclability, renewability, and biodegradability that have been highlighted in recent 

years have led scientists to look for alternatives fibers like natural fibers since they 

possess several advantages that address some of the issues faced by the composite 

industry [44].  

Natural fibers, also known as bio-based fibers are good alternatives to traditional 

synthetic fibers like fiberglass, carbon, Kevlar, boron, etc., due to their biodegradability, 

recyclability, and lower carbon footprint. Pervaiz and Sain [45] claimed that substituting 

50% of glass fiber composites with natural fiber composites in North American 

automotive applications could cut CO2 emissions by approximately 3.07 million tonnes 

and conserve around 1.19 million cubic meters of crude oil. The statistic shows the 

importance of natural fiber as a greener substitute for conventional fibers like glass and 

carbon fibers widely used in the industry today. 

Natural fibers are classified into three main categories based on their derivation (i.e., 

plant-based, animal-based, and mineral-based). Plant fibers, also called botanical or 
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cellulose-based fibers, are the oldest known fibers cultivated and produced by humans ey. 

They are critical components in NFRPs and are predominantly used in engineering due to 

their availability and low cost. Animal fibers, rich in proteins like silk and wool, are 

valued in eco-friendly composites for their surface toughness and flexibility. Despite their 

higher cost and lesser availability, attributed to their unique properties, they are found in 

specialized applications in fields like biomedicine and electronics. Mineral fibers are the 

least used in the industry since some of their earliest types (e.g., asbestos) pose health 

risks, particularly to the lungs, which has limited their application  [35,38,1]. Table 2-5 

tabulates the three classifications of natural fibers based on the categories mentioned 

earlier.   

Table 2-5: Classification of natural fibers extracted from [15,43,47–49]. 

 

2.3.1.1 Properties and Applications of Natural Fibers 

Natural fibers, such as jute, hemp, sisal, and coir, are increasingly used in various 

industries due to their biodegradability, lightweight, cost-effectiveness, and eco-

friendliness [50]. These fibers are used in the automotive industry for applications like 

thermoforming and in the textile industry for clothing and technical applications. The use 

Natural 
Fibers Animal Silk

Animal Hair (Wool, Feather)

Mineral
Basalt

Wollastonite

Fibrous Brucite

Asbestos (Amosite, Tremolite, Actinolite, etc)

Plant Grass (Bamboo, Corn, Canary, Sabai, etc)

Leaf (Sisal, Banana, Pineapple, Abaca, Date Palm, etc)

Wood (Soft Wood, Hard Wood)

Fruit (Coir, Oil Palm)

Stalk (Rice, Wheat, Oat, Maize, etc)

Bast (Hemp, Jute, Kanaf, Flax, Ramie, etc) 

Seed (Cotton, Milk wood, etc)
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of natural fibers in the automotive sector is particularly significant due to their potential 

to reduce the environmental impact of vehicles and lighter weight than traditional 

materials used in the industry [51], [52]. Table 2-6 below summarises the typical 

applications and properties of some known natural fibers used in the industry.  

Table 2-6: List of common natural fibers, their application, and mechanical properties. 

Fibers Application 

Properties 

Ref Elongation 

(%) 

Tensile 

strength 

(MPa) 

Young's 

modulus 

(GPa) 

Abaca 

Automobile, paper, pulp, textile 

and furnishing industry, also 

used in making ropes, twines, 

fishing lines and nets 

1—12 400—980 6-45 [53–55] 

Bamboo 

Reinforcement agent in 

polymeric materials, also used 

for making houses, bridges, 

and traditional boats. 

3-4 140—800 10—40 [53,56]  

Banana 
First used in textile industry, 

now used in food and paper 
1-4 52-910 3—34 [53,57] 

Coir 

Building panels, door shutters, 

storage tanks, packing 

materials, helmets, bags, mats, 

etc. 

3-40 106-770 2-55 
[39,53,

58] 

Cotton 
Furniture, textiles and yarn, 

and goods 
2-16 250-800 5-13 

[39,53,

58] 
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Fibers Application 

Properties 

Ref Elongation 

(%) 

Tensile 

strength 

(MPa) 

Young's 

modulus 

(GPa) 

 

Flax 

Window frame, railing systems, 

fencing, tennis racket, bicycle 

frame, fork, snowboarding, and 

laptop cases 

1-4 345-1500 28-90 
[53,58,

59] 

Hemp 

Construction products, textiles, 

paper & packaging, furniture, 

electrical, and manufacture of 

pipes 

1.5-4 530-1100 30-70 
[52,53,

57] 

Jute 

Building panels, roofing 

sheets, door frames, transport, 

packaging and geotextiles 

1.1—3 2 200-860 3-60 [56] 

Kenaf 
Packing material, mobile 

cases, bags and insulations 
1-7 295-1191 22-66 

[52,53,

57] 

Ramie 

Used in products such as 

packing materials, fishing nets, 

and filter cloths. It is also 

made into fabrics for 

household furnishings, 

clothing, and paper 

manufacturing. 

2-4 220-938 9-128 [57] 
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Fibers Application 

Properties 

Ref Elongation 

(%) 

Tensile 

strength 

(MPa) 

Young's 

modulus 

(GPa) 

Sisal 

In the construction industry, 

such as panels, doors, shutting 

plates, etc., also for the 

manufacturing of paper and 

pulp. 

2-14 80-855 9-38 
[53, 

56] 

Oil Palm 

Building materials, including 

windows, door frames, roofing, 

decking, and fencing 

2.50 248 3.20 [53,58] 

Date 

Palm 

Used in applications such as 

textile, sporting goods, 

baggage, automobiles, 

cabinets, mats 

2-5 97-196 3-5 [,59] 

Sugarca

ne 
Paper and textile industry 6-8 257-291 15-18 [60] 

Wood 

Window frame, panels, 

decking, railing systems, and 

fencing 

4 1000 40 [37,52] 

Feather 

impact absorption like helmets, 

car fenders, etc. Also, 

construction of building 

7 100-203 3-11 
[52,56,

61] 
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Fibers Application 

Properties 

Ref Elongation 

(%) 

Tensile 

strength 

(MPa) 

Young's 

modulus 

(GPa) 

structures and light automobile 

parts. 

Spider 

Silk 

Biomedical sutures, 

manufacturing of implants and 

tissue engineering 

27 1100 10 
[52,56,

62] 

2.3.1.2 Some Notable Advantages of Natural Fibers 

Natural fibers possess many environmental and practical benefits, making them highly 

desirable for various uses. Their biodegradability and renewability align them with global 

sustainability efforts by significantly reducing waste. Natural fibers are non-toxic, which 

minimizes health risks such as skin irritation and respiratory issues [65]. 

Natural fibers are abundant worldwide, making them accessible with lower production 

costs. Additionally, growing these fibers consumes relatively low energy and 

complements this with a zero-carbon footprint, as the plants absorb carbon dioxide from 

the atmosphere [66]. 

Moreover, natural fibers are known for their excellent thermal and acoustic insulating 

properties. They also boast high specific strength and stiffness relative to their low 

density and specific weight, which is advantageous in creating lightweight yet strong 

materials. The mentioned and non-abrasive properties make them suitable for various 

industrial applications [49].  

2.3.2 Resins as Matrices 

As stated above, resin is the polymer matrix constituent of an FRP. Polymers are created 

through a process where small molecular units, known as monomers, are linked together 

to form larger, more complex chain-like molecules [67]. These chains are linear, 

branched, and cross-linked polymer chains. Resins bind the reinforcing fibers, giving the 
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composite component its shape, facilitating load transfer among reinforcing fibers, and 

providing surface quality. The matrix properties determine the composite’s resistance to 

most degradative processes, such as delamination, crack propagation, water absorption, 

impact damage, thermal creep, and chemical attack. These degenerative properties 

eventually lead to the failure of the structure. Additionally, the matrix ensures that the 

fibers are correctly positioned and oriented within the composite to carry the intended 

loads; this arrangement helps distribute the loads almost evenly across the fibers, 

providing resistance to crack propagation due to the plastic flow at the cracked tips [68]. 

One of the two categories of resins is thermoplastic resins, which are classified as linear 

or slightly branched polymers synthesized through the addition polymerization process. 

These polymers exhibit unique thermal properties; they soften upon heating and solidify 

when cooled. This behaviour is attributed to the weak intermolecular forces that link the 

polymer chains, allowing them to move relative to one another under heat. Crucially, this 

characteristic enables thermoplastics to be repeatedly recycled or reshaped. They can 

withstand numerous heating and cooling cycles without undergoing any chemical 

degradation. This capability makes thermoplastics versatile in various applications and 

environmentally beneficial due to their reusability [69]. 

Another category of resin is the thermosetting resin. Thermosets are polymers 

characterized by a highly cross-linkable with an extensive three-dimensional (3D) 

molecular structure. The 3D structure results from a cross-linking reaction between resins 

and curing agents under specific exposure conditions such as heat, UV light, microwave 

radiation, or moisture. Once cross-linked, thermosets display distinctive properties that 

set them apart from thermoplastics. In other words, thermoset polymers become primarily 

unaffected by heat exposure after their initial heat curing further. 

Consequently, they exhibit exceptional corrosion resistance, heat, and mechanical creep 

compared to thermoplastics. These characteristics render them especially valuable in 

applications requiring precise tolerances and excellent strength-to-weight ratios at high 

temperatures. Additionally, the irreversible bonds formed during the curing process 
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prevent thermosets from softening under heat (up to a specific limit), making them ideal 

for high-voltage applications [62,63].  

The following Table 2-7 shows the classification of the resins commonly used in 

industrial applications. 

Table 2-7: Classification of commonly used resins used in industrial applications [62,64,65]. 

 

In recent years, interest has risen significantly in developing polymers from renewable 

resources for industrial applications. The interest has mainly stemmed from the 

increasing use of epoxy resins, which account for about 70% of the thermosetting market. 

Additionally, almost 90% of the epoxy resins are made using Bisphenol A (BPA) [74]. 

Bisphenol A (BPA), an industrial chemical that has been used to create certain plastics 

and resins since the 1950s [75], is among the highest volume chemicals produced 

globally, with current estimates showing that over 4 million tons are produced annually, 

and about 100 tons are released into the atmosphere each year. The adverse effects of 

BPA on human health include disruptions in the immune and reproductive systems, as 

well as changes in brain chemistry. BPA is also known for its estrogenic properties, 

Thermoplastic Resin

• Polycarbonate

• Acetal Copolymer

• Acrylic (PMMA)

• Nylon

• Polyethylene

• Polypropylene (PP)

• Polystyrene

• Polyvinyl chloride (PVC)

• Teflon

• ABS

• Polylactic Acid (PLA)

• Elium

Thermosetting Resins

• Vulcanized rubber

• Phenolic resin (bakelite)

• Polyurethane

• Epoxy resin

• Vinyl ester resin

• Polyester

• Polyimides

• pDCPD (polydicyclopentadiene)

• Polyurea

• Structural Foams

• Melamine

• Silicone

• Urea Formaldehyde

• Recyclamine



23 

 

prompting ongoing efforts to replace the traditional Di-glycidyl Ether of Bisphenol A 

(DGEBA) epoxy with bio-based alternatives that match conventional materials' 

performance [73]. 

Therefore, the need to develop harmless alternative biopolymers is particularly appealing 

due to their low production costs and potential biodegradability [76]. One promising area 

of development is in bio-based epoxy resins. These resins have been used in various 

applications, including paints, coatings, adhesives, and biomedicine. The use of 

biocomposites in critical applications, such as aircraft fabrication, has also been explored 

by various researchers [77]. For instance, hyperbranched epoxy resins (HERs), a complex 

3D polymer, have attracted attention for their ability to surpass traditional BPA-based 

resins' limitations [74]. These resins are derived from natural sources like natural oils, 

polyphenols, saccharides, natural rubber, and rosin and offer properties comparable to 

those of petroleum-based resins[78]. Despite their potential, hyperbranched epoxy resins 

still require enhancements in terms of their thermomechanical and mechanical properties 

as well as thermal stability to fully meet industrial standards and applications [79]. 

2.3.2.1 Application and Properties of Resins  

A range of polymer resin applications have been explored in various fields. For instance, 

Chowdhury [80] emphasizes the significant role that resin composites play in dentistry, 

aerospace, and automotive industries, noting their critical contribution to advancements 

in these fields. The table below summarises the applications and mechanical properties of 

a few resins. Another instance is investigating the utilization of specific polyester and 

epoxy resins. The author highlights these resins’ vital applications in producing cosmetic 

products and protective coatings [81]. Table 2-8 below summarises a few of the available 

commercial applications of various resins and their properties. 
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Table 2-8: Commonly used commercial resins, their properties, and applications (adapted from [80,4]). 

Matrix Material Properties Applications 

Polyethylene (PE) Resistance to corrosion Piping 

Polypropylene (PP) Resistance to chemicals Packaging, automotive, construction 

Polylactic acid 

(PLA) 
Biodegradable, non-toxic Food handling, bio-medical 

Polyurethane (PU) 
Wear resistance, low cost, 

sound and waterproof 
Structural, acoustic 

Poly-vinyl alcohol 

(PVA) 
High tensile strength Bio-medical 

Natural rubber 
Low density, low cost, 

biodegradable 
Structural, automobile 

Epoxy based resin High strength 

Automotive, aerospace, marine, 

construction, sporting goods and 

several other applications 

Polyester 
Durable, resistance to 

water, chemicals 
Structural 

Phenolic Resin 

Corrosion, chemical and 

heat resistance, low 

density 

Electronics, ballistics, mine 

ventilation, aerospace, rail and mass 

transit 

2.3.2.2 Advantages and Disadvantages of Resins 

As mentioned previously, various sectors such as defence, aerospace, marine, 

construction, and automobile manufacturing utilize FRPs in large quantities due to their 

distinctive advantages over metals. Polymer composites offer improved thermal 

insulation and fatigue resistance, which is crucial for applications exposed to extreme 

environmental conditions [83]. As a result, the integration of polymer composites 

continues to grow, driving innovations in materials engineering and manufacturing 

processes.  
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Thermoplastic polymer resins are frequently used to produce various profiles and are 

materials we interact with daily. The market for thermoplastic composites was projected 

to expand at a compound annual growth rate (CAGR) of 5.2% between 2019 and 2024. 

The market value is expected to reach US $36 billion by the end of 2024 [84]. This 

growth demonstrates the increasing reliance on these materials across various industries, 

mainly driven by their recyclability and robust performance attributes. 

On the other hand, traditional FRPs typically employ a thermosetting resin, which 

effectively secures the structural fiber in position. The thermoset composites market was 

projected to grow to US$ 57.98 billion between 2016 and 2021, with a CAGR of 6.67%. 

The Thermoset composites market is notably larger compared to its thermoplastic 

counterparts. Typical applications of thermoset composites are found in aerospace, civil 

engineering, appliances and electrical components,, where their robustness and durability 

are particularly valued [84]. 

The classified polymer resins have merits and demerits that make them suitable for 

application-specific industries. Table 2-9 below illustrates the general advantages and 

drawbacks of thermoplastic resin and thermoset resins.  
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Table 2-9: Comparison of thermoplastic and thermoset matrices [82,83]. 

 

2.4 MANUFACTURING TECHNIQUES OF POLYMER COMPOSITES 

Manufacturing of FRPs involves the manufacturing of fiber preforms and then 

reinforcing these fibers with the matrix material by various techniques. Researchers have 

explored various effective manufacturing techniques for composite fabrication over the 

last few decades. For instance, Nishida [86] emphasized the importance of understanding 

fabrication processes' technical and economic features, explicitly highlighting the need 

for good bonding between matrix metal and reinforcements. Cherouat [87] considered 

composite fabrics and automated technologies to optimize properties and reduce costs. 

These studies underscore the importance of systematically understanding fabrication 

processes and the potential for cost-effective, high-performance structures. A range of 

Thermoplastic 
Resin

Advantage Unlimited shelf life
Easy to handle (no tackiness)

Recyclable

Easy to repair by welding and solvent
bonding

Post Formable

Tough

Disadvantage Prone to creep

Poor melt flow characteristics

Thermoplastics need to be heated above the 
melting point to sufficiently wet the fibres

Majority of the thermoplastic comes in solid 
state

Thermosetting 
Resin

Advantage Low resin viscosity

Good fibre wetting

Excellent thermal stability once

polymerized

Chemically resistant

Creep resistant

Disadvantage Brittle

Non-recyclable via standard techniques

Not post-formable
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fabrication techniques have also been considered in [88–95], with a summary reported in 

Table 2-10. 

Table 2-10: Fabrication techniques of fiber-reinforced composites [88–95]. 

Technique Process Details Advantages 
Typical 

Applications 

Hand Lay-

Up 

Technique 

Manual placement of fiber preforms 

into an open mould followed by the 

application of resin either by pouring 

or brushing. A roller is used to 

consolidate the resin into the fabrics, 

ensuring proper impregnation and 

interaction between the layers of 

reinforcement and matrix materials. 

Simple, cost-

effective, highly 

flexible operator 

skills crucial for 

quality. Allows for 

customizations in 

size and shape. 

Custom, large-

scale components 

like boat hulls 

and aerospace 

parts. 

Prepreg 

Hand Lay-

Up 

Technique 

Fibers are pre-impregnated with 

resin, then laid, consolidated, and 

cured using heat and pressure. 

High-quality and 

consistent 

properties, reduced 

processing time, 

lower risk of voids, 

and improved health 

and safety. 

Aerospace, 

automotive, 

sports goods, and 

high-performance 

applications 

require precision. 

Spray-Up 

Technique 

A chopper gun is used to spray a mix 

of resin and chopped fibers directly 

onto the mould surface. The sprayed 

layers are rolled to ensure thorough 

integration and reduce air pockets. 

Faster than hand 

lay-up, suitable for 

complex contours, 

allows moderate 

control over fiber 

orientation. 

Parts with 

complex shapes, 

such as 

automotive body 

panels and boat 

hulls. 

Vacuum 

Bag 

Molding 

Starts with a hand lay-up to place the 

laminate, which is then covered with 

a vacuum bag. Air is evacuated using 

a vacuum pump, compressing the 

laminate against the mould under 

atmospheric pressure. 

Uniform pressure 

distribution 

enhances the fiber-

to-resin ratio, 

reduces voids, and 

improves mechanical 

properties. Excellent 

surface finish. 

High-quality 

structural 

components in 

aerospace and 

automotive 

industries. 
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Technique Process Details Advantages 
Typical 

Applications 

Resin 

Transfer 

Molding 

(RTM) 

Fiber preforms are placed into a 

closed mould; the resin is then 

injected under controlled pressure 

and temperature, permeating 

uniformly through the fibers. 

Produces parts with 

two good surfaces 

and consistent 

thickness, excellent 

structural integrity, 

and surface finish. 

Can incorporate 

complex fiber 

orientations. 

High-

performance 

components in 

aerospace, 

automotive, and 

sports equipment. 

Compressi

on Molding 

Fiber preforms or prepregs are 

placed in a heated mold, which is 

then closed under high pressure. The 

heat and pressure cure the resin, 

moulding the material into the 

desired shape. 

High volume 

production 

capability, excellent 

dimensional 

stability, and 

mechanical 

properties. Efficient 

for medium to high-

volume parts. 

Structural 

automotive 

components, 

electrical 

insulators, and 

household items. 

Vacuum 

Assisted 

Resin 

Transfer 

Molding 

(VARTM) 

An advanced RTM that uses a 

vacuum to draw resin into the mould 

over the fiber lay-up, ensuring 

complete saturation and reducing air 

entrapment. 

Ideal for large and 

complex structures, 

it reduces void 

content and 

enhances 

mechanical 

properties and 

durability. 

Large structures 

like wind turbine 

blades, boat hulls, 

and architectural 

components. 

Filament 

Winding 

Continuous fibers are soaked in 

resin, then wound around a rotating 

mandrel and cured. Allows precise 

control of fiber placement and 

orientation. 

High production 

efficiency, suitable 

for large and 

complex shapes, 

consistent 

properties. 

Manufacturing of 

pipes, tanks, and 

pressure vessels. 

Pultrusion 
Pultrusion involves pulling 

continuous fiber rovings or tapes 

through a resin bath, typically of 

Efficient for 

producing 

consistent, long 

Used to 

manufacture 

structural 
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Technique Process Details Advantages 
Typical 

Applications 

thermosetting polymers like epoxy or 

unsaturated polyester. The fibers, 

impregnated with resin, are then 

pulled through, forming dies that 

shape the final product. The 

composite material is then cut to the 

required lengths. 

sections with 

complex profiles, 

low labour intensity, 

and continuous 

production process. 

profiles, rods, and 

bars, often 

employed in 

construction, 

electrical utility, 

and infrastructure 

projects. 

Extrusion 

Pushes or pulls material through a 

die to produce profiles with uniform 

cross-sectional shapes. Effective for 

continuous production. 

High production 

rate, continuous 

production of long 

sections like rods, 

tubes, and channels. 

Profiles and parts 

with uniform 

cross-sectional 

shapes. 

Automated 

Fiber 

Placement 

(AFP) 

Robotic systems lay down fibers and 

resin layer by layer with precise 

control over fiber orientation and 

placement. 

High precision, 

reduced material 

waste, and ability to 

create complex 

geometries and large 

structures. 

Aerospace 

components 

require high-

performance and 

precision. 

Electrospin

ning 

A relatively new technique which 

uses an electrostatic process to 

create ultrafine fibers from solutions 

or melts. 

It produces fibers 

with high fineness 

and control over 

composition and 

morphology, as well 

as a high surface 

area-to-volume 

ratio. 

Biomedical 

applications like 

tissue engineering 

scaffolds. 

When fabricating FRPs, choosing the proper manufacturing process is essential to ensure 

the final product meets the desired specifications and is free of defects. This choice starts 

with a careful review of several essential factors. These include the shape and size of the 

composite, which can affect which manufacturing methods are possible, and the specific 

properties the composite needs to have, like strength or resistance to heat. 
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The cost of manufacturing is also a key consideration. The cost includes how much the 

raw materials cost, the required labour hours, and the process efficiency. Additionally, 

production speed is important, especially when large quantities are needed quickly. How 

the fibers behave and handle during the manufacturing process and their compatibility 

with each other also play a crucial role in deciding which process to use. All these factors 

need to be balanced to choose the best manufacturing method for producing NFRCs that 

are effective and economical.  

Figure 2-4 below illustrates several main manufacturing techniques used in the industry. 

 

Figure 2-4: Schematics of various manufacturing techniques. (a) Hand layup process, (b) compression molding, (c) 

resin transfer moulding, (d) extrusion process, and (e) automated fiber placement [93].  

2.5 SUSTAINABLE FIBERS AND RECYCLABLE RESINS 

Flax and basalt fibers are emerging as promising sustainable alternatives to traditional 

fibers. Flax is biodegradable and offers adequate mechanical properties. Basalt, derived 

from volcanic rock, boasts high-temperature stability and low environmental impact. 
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Recyclamine and Elium resins offer biodegradability and recyclability, respectively, 

contributing to the goal of creating a sustainable composite. 

2.5.1 Flax  

Though not a type of fiber considered in this work, a brief introduction to flax fibers is 

deemed appropriate.  Flax fibers have been used since ancient times, and it is assumed 

that this type of fibers has been used since the beginning of civilization. Flax fiber 

reinforcements are the dominant type of natural fibers used in the composite industry 

because of their relatively higher mechanical properties than the other natural fibers. Its 

composites are vastly used in the automotive sector, and other researchers have explored 

the option of using them in marine, sports and entertainment, household, and other 

engineering applications. In addition, research is ongoing on utilizing flax fiber 

reinforcement for aerospace, satellite and wind turbine components. The flax fiber 

reinforcement can be comparable to E-glass in specific criteria like cost per weight (0.5-

1.5 vs 1.6–3.25 USD/kg) [58]. A comprehensive physio-mechanical property of flax and 

a few commonly used fibers for comparison is given in Table 2-11. However, the 

variability of flax fibers reduces the confidence in usage over its counterpart E-glass. 

Additionally, like all natural fibers, flax fibers are moisture-sensitive, affecting the 

quality of the final product. 

2.5.2 Basalt 

Basalt is made from solidified volcanic lava with a melting temperature between 1500°C 

and 1700°C. Its properties are highly affected by the rate of temperature change during 

the quenching (cooling) process, which leads to complete crystallization. Moscow 

Research Institute of Glass and Plastic developed it in the early 1950s.  

Basalt fiber production varies in cost, depending on the quality of raw materials, 

production techniques, and final product characteristics. The manufacturing process of 

basalt fiber closely resembles that of glass fiber, but it is more energy-efficient, making it 

a cost-effective alternative. Basalt fibers are processed using conventional equipment and 

techniques without the need for additional additives, thus significantly lowering their 

production cost. In brief, natural volcanic basalt rock is melted at 1450°C to 1500°C and 
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extruded to produce both chopped and continuous fibers, which are then used in textile 

manufacturing and fabrication of composites. 

Though basalt has a similar composition to asbestos, basalt fibers are considered safe due 

to their different surface properties, without any risk of being carcinogenic or toxic, as 

confirmed by research confirms; therefore, they are being increasingly used in industrial 

applications. Moreover, basalt fibers offer numerous advantages over glass fibers (as 

discussed below) as a reinforcing material for fabricating composites. These advantages 

have rendered them an effective alternative to glass. and hence used across marine, 

automotive, sporting equipment, and civil applications.   

Basalt fibers have good mechanical properties similar to glass fibres and show even 

better features such as non-combustibility, high chemical stability, and resistance to 

weather, alkaline, and acids. Basalt can withstand subfreezing temperatures (as low as 

around 200°C) and comparatively very high temperatures (600°C to 800°C). Table 2-11 

compares a few mechanical properties of basalt fiber, flax, and other fibers. Lastly, their 

thermal stability, facilitated by numerous micro-pores, makes basalt fibers ideal for 

thermal insulation and passive fire protection applications [96]. 

Table 2-11: Physio-mechanical properties of basalt and flax fibers [58,96]. 

Fiber 
Density 

(g/cm³) 

Tensile 

Strength (MPa) 

Tensile Modulus 

(GPa) 
Elongation (%) 

Flax 1.4 - 1.5 343 - 2000 27.6 - 103 1.2 - 3.3 

Hemp 1.4 - 1.5 270 - 900 23.5 - 90 1 - 3.5 

Ramie 1.0 - 1.55 400 - 1000 24.5 - 128 1.2 - 4.0 

Basalt 2.8 2,800 89 3.15 
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Fiber 
Density 

(g/cm³) 

Tensile 

Strength (MPa) 

Tensile Modulus 

(GPa) 
Elongation (%) 

E-glass 2.5 - 2.59 2000 - 3500 70 - 76 1.8 - 4.8 

2.5.3 Elium® 

Elium® was developed in 2009 by Arkema S.A. of France as a novel resin and the 

world's first liquid thermoplastic resin. This resin is chemically crosslinked by radical 

polymerization, where its monomer, methyl methacrylate (MMA), transitions to its 

polymer form methyl methacrylate (PMMA). The transition is facilitated using a 

peroxide catalyst. This novel resin is cured at room temperature and exhibits low 

viscosity, and hence, is used as an alternative to the widely used thermoset epoxy resins 

in the fabrication of FRPs. Another attractive feature of Elium® is that it is fully 

recyclable, which addresses the environmental concerns associated with thermosetting 

plastics by potentially reducing waste. 

The resin’s ductility and toughness improve the impact resistance and increase the 

durability of its composites. These attributes have rendered Elium® an excellent 

sustainable alternative resin in the FRP industry [97–99]. 

2.5.4 Recyclamine® 

Recyclamine® is an amine-based epoxy curing agent, another novel resin developed in 

2012 by Connora Technologies (CA, USA) to address the significant environmental and 

sustainability challenges posed by traditional epoxy thermosets, which are inherently 

non-recyclable. Unlike conventional thermoset resins that cannot be reformed or reused 

once cured, Recyclamine® is formulated to have cleavable bonds within the epoxy 

matrix that can be broken by exposure to acetic acid at high temperatures (100oC). This 

feature allows the thermosetting epoxies to convert into thermoplastics, allowing the 

matrix to disintegrate and enabling the recovery and recycling of reinforcing the fibers 

forming its FRPs. 
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Recyclamine® can be used with any epoxy resin and is compatible with regular 

manufacturing processes like wet lay-up, resin infusion, and resin transfer moulding 

(RTM). Moreover, the environmental benefits of Recyclamine® are quite significant, as 

it offers a solution to the end-of-life recyclability issue of thermosetting composites, 

typically disposed off through incineration or landfilling, contributing to pollution and 

global warming. The development of Recyclamine® enables the recycling and reuse of 

composite materials and aligns with the goals of reducing the carbon footprint and 

advancing towards a more sustainable, circular economy [100,101]. This is very different 

than commercially available epoxy resins, which can’t be recycled due to their 

unbreakable monomeric structure, causing the composite to be totally disposed of at 

landfill sites or incineration, emitting greenhouse gas as mentioned in 2.2. 

Table 2-12 shows the properties of Elium, Recyclamine and epoxy for comparison.  

Table 2-12: Mechanical properties of Elium, Recyclamine and epoxy for comparison [97–99,102]. 

Matrix 

Glass Transition 

Temperature (Tg) 

(°C) 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Elium® 150 ~105 66 3.17 111 2.91 

Recyclamine® ~90 73.49 3.28 131.11 3.388 

Recovered 

Recyclamine 
~78 51.2 2.90 100 2.7 

Epoxy ~100 50.33 3.17 81.36 3.1 

The recycling process of Recyclamine®-based epoxy composites involves several steps, 

mainly focusing on the disintegration of the thermoset matrix into a recyclable form and 

the recovery of the reinforcement materials. Here is a step-by-step process [102]: 

Manufacturing of Composite: Initially, the composite is manufactured using 

Recyclamine® as the curing agent for the epoxy resin. Depending on the application 
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requirements, this is done through wet lay-up, resin transfer moulding (RTM), or infusion 

processes.  

End-of-Life Composite Treatment: Once the composite reaches its end of life, it is 

subjected to a specific recycling condition. This involves immersing the composite in an 

acid solution, typically acetic acid, at a controlled temperature (e.g., 80°C) for a set 

duration (e.g., 4 hours) 

Separation and Recovery: The solution containing the dissolved epoxy matrix is then 

filtered. The reinforcement materials such as glass fibers, carbon fibers, or Kevlar® are 

recovered and separated from the dissolved matrix. These materials can be neutralized, 

rinsed, dried, and prepared for reuse. 

Reprocessing of Recycled Epoxy Matrix: The dissolved epoxy matrix in the solution 

can be neutralized and coagulated to recover it as a thermoplastic polymer. This 

recovered material can then be compounded with other polymers (e.g., polyethylene) and 

repurposed into new products, such as foot strap inserts for surfboards. Figure 2-5 shows 

the reprocessing method of Recyclamine resin.  

Reuse of Recovered Materials: Both the recovered reinforcement materials and the 

reprocessed epoxy-based thermoplastic can be used to manufacture new composite 

materials or other products, thereby closing the loop in the material's lifecycle and 

contributing to a circular economy. 
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Figure 2-5: Recycling of glass-reinforced epoxy (GRE) and recovery of the matrix and reinforcement [102].  

2.5.4.1 Industrial Applications of Recyclamine 

Recyclamine® technology was used to develop recyclable epoxy resin systems 

specifically designed for manufacturing wind rotor blades. Two main fabrication 

techniques were utilized: the wet lay-up process and the infusion process. In the wet lay-

up process, layers of fiber reinforcement are manually placed and saturated with resin. In 

the infusion process, the resin is drawn through the fibers under vacuum pressure, 

ensuring even distribution [102]. Siemens Gamesa, in collaboration with Aditya Birla 

Advanced Materials, has achieved significant accomplishments in producing durable and 

fully recyclable blades. These blades maintain high performance and can be easily 

dissolved at the end of their life cycle, allowing for the recovery and reuse of materials, 

significantly reducing environmental impact and costs, earning recognition in the 2022 

JEC Composites Innovation Awards. [103,104]. 

Recyclamine® technology was also utilised for manufacturing snowboards using 

injection molding fabrication technique [105]. Niche Snowboards integrated 
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Recyclamine to develop durable and fully recyclable snowboards. This innovation earned 

them recognition in the 2020 JEC Innovation Awards. They said in an interview that they 

are also open to collaboration with other industry leaders to further extended 

Recyclamine's application to skis, surfboards, and kayaks [106].  

2.6 RELATED STUDIES ON SIMILAR COMPOSITE SYSTEMS 

Previous studies have explored the combination of sustainable fibers and recyclable 

resins to address environmental concerns. A few researchers have evaluated and 

compared the mechanical properties of the resin. For instance,  Rangappa et al. [58] 

examined flax fibers in great detail and claimed continuous flax fiber composites to have 

superior mechanical properties than glass/epoxy composites. However, the performance 

was revered when considering the short fiber-reinforced composites.  

The authors also discussed biodegradable composites produced by biobased polymer 

matrices and natural fibers. Examples of reported bio-based matrices for bio-composites 

are bio-epoxy resin, PLA (polylactic acid) and bio-phenolic (tannin) resin. Moreover, 

they stated that surface modification of fibers also plays a vital role in ensuring good 

fiber/resin adhesion; one of the cited examples is the Alkali (NaOH) treatment. This 

treatment has been reported as a powerful tool for the surface treatment of flax and other 

natural fiber composites, which has led to up to ∼21% enhancement in tensile, bending 

and shear properties compared to the untreated composites. 

Yaghoobi and Taheri [97] presented a detailed survey of prior studies conducted on 

Elium. They also evaluated the tensile, flexural and buckling response of basalt-Elium 

and basalt-epoxy composites. The tensile strength of the basalt-Elium composite was 

found to be 23.9% higher than the epoxy counterpart. Also, the fracture response of 

basalt-Elium was observed to be slightly more ductile than its counterpart. Moreover, the 

Flexural strength and buckling strength of their basalt-Elium were marginally lower than 

their basalt-epoxy composite. The authors then compared the performance of 

thermoplastic fiber metal laminates (TP-FML) fabricated with thin sheets of magnesium 

sandwiching basalt-Elium laminate. They demonstrated the significantly superior 

performance of the TP-FML compared to an equivalent basalt-Elium composite. 
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Moreover, other researchers have studied the moisture absorption characteristics of these 

materials. For instance, Muñoz and García-Manrique [107] investigated the effect of 

water absorption on the mechanical properties of Flax and SuperSap epoxy resin 

composite. The authors confirmed the Fickian absorption of the composite. The results 

showed that water absorption increased with increasing fiber content. Their tensile and 

flexural specimens with 40% fiber volume had weight gains of 6.23% and 6.56%, 

respectively.  

In contrast, the weight gains were 8.71% and 9.76% for the composites with 50% fiber 

content for tensile and flexural. These %weight gains were taken after composites were 

exposed to water for 768 hours at room temp.  Moreover, the tensile strength and strain of 

the composites increased after the immersion, and the author deduces that it is due to 

plasticization. However, the tensile modulus of both composites and the flexural modulus 

of 0.55 fiber content composite decreased by about 20% after immersion.  

Chilali et al. [98]  evaluated the moisture absorption rate of flax-epoxy and flax-Elium 

150. They observed degradation of the elastic modulus and tensile strength in both 

composites and attributed to them the degradation of the flax and the weakening of fiber 

matrix interface. It was also stated that water could directly affect the hydrophilic 

constituents of the flax fiber, which weakens the interface between the layers. However, 

plasticization of the resin caused by water absorption resulted in a 27% increase in the 

strain of both composites. Moreover, both the composites exhibited comparable 

properties after immersion in tap water for 2,7,15 and 30 days at 20°C. However, after 30 

days, the tensile modulus and strength decreased by 42% and 58%, respectively. 

A detailed literature review on flax fiber and its composite, along with moisture 

absorption, was presented by Moudood et al. [108]. A notable mention in the article was 

the nonlinear moisture absorption of flax fibers behaviour of water intake after RH% 90, 

where the flax does not follow a linear intake (does not follow Fickian’s law of diffusion) 

but instead has a very steep jump of water intake. He also noted that moisture-absorbed 

raw flax fibers presented higher tensile strength than those subjected to drying stages. 

They concluded that the cohesion between the matrix and the microfibrils is lost after 
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drying, potentially decreasing tensile strength. Moreover, he mentioned that few 

researchers studied the effect of moisture in flax fibers on the properties of flax fiber-

reinforced epoxy (FFRE) composites. They found that composite panels with fibres from 

high-humidity environments showed severe warping, which was attributed to the 

moisture in the fibers, which caused fiber shrinkage during the vacuum infusion process, 

resulting in residual compressive stresses that led to part warping after demolding. High 

moisture content in the fibers weakened the fiber-matrix interface and increased porosity 

in the microstructure of the composites.   

The researchers found that the optimum tensile strength was obtained at 50% RH-

conditioned fabrics; anything else decreased the properties. Water molecules increased 

the strain at break and decreased Young's modulus, while the flexural strength and 

modulus decreased with increasing humidity. Composites fabricated with fibers 

conditioned at 95% RH showed a sharp drop in mechanical properties.  Furthermore, 

Esleman [109] examined the moisture effect on basalt along with glass and carbon plus 

hybrid models. As expected, the water intake was highest for basalt, and the trend 

relating to tensile, flexural strength, and modulus followed a similar pattern to that of 

flax. However, the water intake was much less (0.55% after 6 months) than that of flax 

fibers. 

Comparative studies considering the response of composites made with Recyclamine® 

are very scarce. In a study by Dattilo et al. [110], the authors used biocomponent resins 

using Polar Bear and Recyclamine 101 from R*Concept Biocomposites Solutions 

(Barcelona, Spain), with 28% biocarbon. Nearly a third of the resin's carbon is derived 

from renewable biological sources, making the resin eco-friendlier than the usual 

epoxies. The research focused extensively on the chemical component of the resin at 

different curing conditions. The notable thermomechanical finding was the glass 

transition temperature (Tg), which was found to be 60oC when the resin was cured for 24 

h at 25oC. An additional three h curing at 100oC increased the Tg to around 103 oC. A 

mixing ratio of 100:22 of Polar Bear Recyclamine was used in this study.  
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In another study [111], composite panels were prepared with recyclable epoxy using 

high-pressure RTM (Resin Transfer Moulding) technology. The panels were fabricated 

using eight layers of cross-ply carbon fabrics with [0/90]8 layup sequence. Then, a 

mixture of epoxy monomer SUPERSAP 300 and amine-based Recyclamine® was 

injected into a preheated mould subjected to 160 bar pressure. Each panel was cured at 

120°C for 5 minutes, followed by 1 hour 120 °C. The recycling process involved 

breaking the cross-links of the cured epoxy in a hot acidic acid (vinegar) bath, dissolving 

the resin away from the fibers and collecting the resulting thermoplastic material while 

keeping the original fiber architecture intact.  

Testing of panels made with virgin and recycled fiber preforms showed that the 

mechanical properties were nominally the same. Scanning electron microscope analysis 

showed that the chemical treatment produced clean fibers with no damage, similar to 

virgin fibers. Additionally, the composites exhibited higher tensile strength than 

magnesium and Aluminum alloys. A similar study conducted by Ferrari et al. [112] 

assessed the life cycle of composites consisting of  Recyclamine, Super Sap® epoxies, 

and hybrid (flax and carbon) fibers. The authors claimed that the Recyclamine-enabled 

chemical recycling method provides a 60% reduction in global warming potential. The 

author concluded that the recoverable and recyclable hybrid composite offered good 

tensile strength and life cycle. 

As you can see, to the best of the author’s knowledge, the properties of composites made 

of basalt fiber and Recyclamine matrix have not been explored yet. This composite type 

is believed to have great potential for use in various industrial applications and is eco-

friendly and fully recyclable. In an experimental investigation [113], the tensile, 

compressive and shear properties of unidirectional basalt-epoxy were compared with 

those of E-glass-epoxy, S-glass-epoxy and carbon-epoxy from the literature search, all 

with fiber volume content to 60%.  The specimens were cured in an autoclave, and C-

scanning was used to confirm that porosities were nonexistent.  Table 2-13 shows the 

unidirectional properties of the basalt-epoxy composite. 
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Moreover, the authors observed that their basalt composite showed similar tensile 

properties to their E-glass composite; however, the compressive strength of the E-glass 

composite was superior to the basalt composite. Basalt-epoxy also shows better 

compressive strength compared to S-Glass. However, both glass composites fell short in 

shear strength. 

Table 2-13: Uniaxial properties of basalt-epoxy composite [113]. 

Basalt Fiber 

Orientation 

Tensile Young’s 

Modulus     

(GPa) 

Tensile 

Strength 

(MPa) 

Compressive 

Young’s 

Modulus (GPa) 

Compressive 

Strength (MPa) 

0 Degree 44.3 1310 46.2 776 

90 Degree 11.9 49.8 15.2 135 

In another research by Kulpa et al. [114], the authors attempted a three-stage properties 

comparison to select the best material for constructing an FRP deck panel. The author 

used Araldite LY1564 SP epoxy resin and Aradur 3489 hardener. In the first testing 

stage, bi-directional (0/90) basalt-epoxy produced an elastic modulus of 23.72 GPa 

compared to 24.65 GPa for bi-directional E-glass epoxy. In contrast, the other properties 

of the composites were similar. Nonetheless, the authors decided to continue the rest of 

their investigation of E-glass based on their previous “positive” experience and limited 

resources. An interesting finding of the study was that the compressive strength of basalt 

and glass composites was as much as two and three times higher than that of aramid 

composites. The difference in the values of the longitudinal and transverse moduli 

estimated using micromechanics and the experimental value for the basalt composite was 

11%, whereas the difference in the compressive strength was very large, with the 

analytical value being 175% higher than the experimental value. Table 2-14 shows the 

experimental results obtained in the research. 

Yasmeem et al. [115] evaluated the Izod impact Brinell hardness for basalt continuous 

fiber and fiberglass chop-strand mat epoxy composites fabricated by hand lay-up 

procedure. Eight layers of basalt only, eight layers of fiberglass chops strand mat (CSM) 
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only, and alternating layers of chops strand mat fibreglass and basalt were used. The 

author observed that the basalt composite exhibited higher impact strength than the CSM 

composite (5.7 MPa vs. 2.81 MPa, respectively).  

Table 2-14: Properties of some common laminates with 0/90 fiber direction [114]. 

Laminate Tensile Strengths 

(MPa) 

Tensile Modulus 

(GPa) 

Compressive 

Strengths (MPa) 

Basalt 399.13 ± 31.61 23.72 ± 1.09 217.24 ± 29.32 

E-Glass 454.39 ± 23.11 24.65 ± 3.03 290.09 ± 36.88 

Aramid 458.80 ± 37.85 26.80 ± 4.07 93.79 ±13.10 

Carbon  806.68 ± 62.01 66.31± 4.31 323.90 ± 43.39 

Additionally, other research related to surface modification and hybridization (stacking 

sequence of basalt fibers Laminates) was carried out. The research paper by Li et al. 

[116] investigates the effects of La3+ modification (rare earth modification) on the 

mechanical properties of basalt fiber/epoxy resin composites. The author also conducted 

tensile tests to measure the mechanical properties of the composites. Li et al. found that 

La3+ modification improved the interfacial adhesion between the BFs and the epoxy resin 

matrix. The tensile tests showed that La3+ modification significantly improved the 

composites' tensile and bending strengths. The tensile strength of the modified 

composites was highest with the concentration of Lanthanum ions of 0.5 wt%, which 

increased to 458.7 MPa from 250 MPa, and the bending strength increased to 556.7 MPa 

from around 275 MPa. The authors concluded that La3+ modification effectively 

improves the mechanical properties of basalt fiber/epoxy resin composites.  

Another research study by Manikandan et al. [117] attempted to prove that surface 

modification of basalt increases its strength compared to E-glass. The author soaked the 

fibers in a base solution (NaOH) and an acidic solution H2SO4 and analyzed the 

mechanical properties. It was found that the acid-treated basalt had the highest tensile and 
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impact strengths with 246 MP (24% increase compared to untreated basalt) and 2.9 J/mm 

(11.94% more), respectively. However, the base-treated basalt had the highest ILSS with 

23.06 MPa. 

The author compared the fracture mechanism using SEM, which showed a precise crack 

formation on the surface of the acid-treated fiber glass leading to its lower strength. The 

writer speculates that the lower bond strength may have caused large fiber-to-matrix 

(interfacial) debonding for glass fiber compared to the basalt fiber. Manikandan also 

notes the SEM image showed that the glass fiber was highly affected by the base and 

affected on the surface when treated with acid, contributing to its lower overall 

properties. In contrast, the base did not affect the basalt and was very little affected by 

acidic treatment. 

In another study conducted by Karthik et al. [118], composites made with six layers of 

bidirectional woven carbon fabric only (C6), similarly six layers of basalt fabrics only 

(B6), and a hybrid combination of six layers of carbon and basalt (CBCBCB), and 

Araldite hot cured epoxy resin was used. Different wt% (5%, 10% and 15%) of SiC 

Nanoparticles were used for filler materials with the hybrid stacking sequence. The 

authors found a considerable increase in the tensile and flexural strengths and Izod 

impact energy. The maximum tensile and flexural strengths of 346 MPa and 388 MPa, 

respectively, were exhibited by the composite prepared using CBCBCB sequencing with 

15 wt% SiC. In another study [119], the hybrid composites of basalt and jute were 

analyzed with varying combinations of fiber percentages of basalt from 10% to 90% and 

vice-versa for Jute and the mechanical properties were discussed. The matrix used was 

polyester resin and MEKP (methyl ethyl ketone peroxide) was used as the catalyst. The 

basalt and jute fibers were mixed thoroughly and the composite was prepared using a 

compression molding machine. The basalt composite had the highest tensile strength of 

around 131 MPa. However, the maximum elongation 10.6 mm was observed with the 

composite of 30% basalt and 70% jute. 

Moreover, the highest flexural strength of 140 MPa was exhibited by the 50-50 basalt-

jute composite, whereas the basalt composite had the highest flexural modulus of around 
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5.2 GPa. Lastly, the unnotched Izod impact test was carried out, and the basalt composite 

was found to have the highest impact strength at around 57.5 J/cm2. The author stated 

that the impact strength of the hybrid composite was improved by adding high-energy-

absorbing basalt fibres.  

2.7 RESEARCH GAP AND MOTIVATION 

As shown by several investigators, basalt fibers are known for their strong mechanical 

properties, cost-effectiveness, and other positive attributes, as mentioned above, making 

them a rational alternative to E-glass in fabricating cost-effective composites. Unlike 

most natural fiber-reinforced polymers, basalt fibers absorb virtually no water, which 

makes them particularly useful in applications and environments with essential moisture 

resistance (e.g., in the marine, automotive and aerospace industries).  

Additionally, Recyclamine resin technology has introduced a significant advancement in 

thermosetting resins. With its superior mechanical properties and fully recyclable nature, 

Recyclamine will enable one to reuse both the reinforcing fibers and the resin. Such an 

outcome would be significant for meeting the eco-friendly and sustainable development 

goals (SDGs), as it encourages more environmentally friendly production of various 

structural components, notably critical and pressing matters for major industries. 

However, while promising studies have demonstrated the viability of Recyclamine and 

basalt fibers separately, the volume of comprehensive studies investigating the 

mechanical performance of basalt-reinforced Recyclamine composites is quite scarce. 

This gap presents a valuable opportunity to conduct a systematic experimental 

investigation to enrich the required database and encourage using eco-friendly and 

recyclable high-performance composites for industrial applications. Therefore, the 

motivation for this study stemmed from the noted gap, which inspired us to investigate 

the feasibility of basalt-Recyclamine composite creation as an effective alternative to the 

most widely used FRP, E-glass-epoxy composite. The expected favourable results will 

also address the environmental concerns associated with using composite materials 

without compromising mechanical performance, contributing to a greener and safer 

world for future generations. 
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CHAPTER 3 MATERIALS AND FABRICATION 

This chapter focuses on the detailed exploration of the materials and methods used as part 

of this experimental investigation. The chapter begins by introducing the material used in 

this study, namely basalt fiber, Recyclamine®, and epoxy. Each of the materials is 

discussed in terms of their source, properties, reasons for selection, optimization of fiber 

volume and fraction, and how they contribute to a better and more sustainable composite 

system. 

The chapter then describes the rationale behind the manufacturing technique used to 

fabricate the composite materials, how the composite is cured, and post-processed. The 

optimization of the fiber orientation and how it impacts manufacturing properties for 

industrial applications are also described.  

3.1 SELECTED MATERIALS 

The reinforcing materials chosen for this investigation are basalt fiber, and two matrix 

materials, namely Recyclamine® resin and epoxy resin. 

3.1.1 Reinforcing Fiber 

As mentioned previously, fibers are the primary load-bearing components of a composite; 

they are derived from various sources like plants, minerals or animals and can be 

synthetically made fibers or hybrid fibers. One significant aspect to consider when 

selecting a reinforcing fiber for making a composite is the fiber composition, which 

directly impacts the composite properties. There are two methods to describe how much 

fiber is in a composite. One method measures the fibres weight compared to the 

composite's total weight, called the fiber weight fraction (FWF). The other method 

measures the fibre volume relative to the composite's total volume, known as the fiber 

volume fraction (FVF) [41]. 

The fiber volume in a composite influences the type of failure, such as matrix-based or 

fiber-based failure modes. These happen depending on whether the fibre volume fraction 

(Vf) is above or below a certain minimum value (Vf, min). When the composite has a fiber 
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volume fraction lower than this minimum (Vf < Vf, min) and it's put under stress, the 

failure of the fibers does not necessarily lead to the failure of the entire composite. In this 

case, the polymer matrix can still handle the load. However, the broken fibers become 

like a series of aligned voids within the matrix. The voids make the composite weaker 

rather than strengthening it, making it weaker than the matrix material itself [120]. 

A fiber reinforced thermoset composite consists of brittle fibers embedded in a relatively 

more ductile thermoset polymer matrix, where the fibers fail at a lower strain than the 

matrix. Therefore, it is important to know both the minimum and critical fiber volume 

fractions when using plant fibres as reinforcements since the composite should be 

designed with a fiber volume fraction (Vf) greater than the critical value (Vf,crit). Figure 

3-1 shows a graphical representation of the strength–fiber content relationship [113,114]. 

 

Figure 3-1: Relationships between composite tensile strength and fiber volume fraction [121]. 

3.1.1.1 Basalt Fibers 

Basalt fibers are derived from the natural volcanic rock known as basalt. They have 

emerged as a cost-effective material in various industrial applications, especially as an 

alternate to glass fibers in construction and manufacturing fields. Basalt is formed from 

the rapid cooling of the lava and has a chemical composition mainly of Silica, aluminum 

oxide, copper oxide, and calcium oxide, among other compositions. These compositions 

give the fibres good heat and chemical resistance [122]. 
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Basalt fibers is created by melting crushed basalt rock at around 1400°C to 1600°C, 

followed by extrusion through small nozzles to produce continuous filaments of basalt 

fiber. This technique is similar to glass fibers processing but done at higher temperatures, 

exhibiting better thermal stability, higher tensile strength, better chemical resistance (both 

acidic and alkaline), and biological resistance compared to glass fibers. These properties 

make basalt fibers an excellent alternative to traditional building materials in structural 

applications and a viable substitute for asbestos in high-temperature insulation 

applications [123]. 

Since basalt is abundant naturally, manufacturing basalt fibers requires much less 

processing than traditional fibers like asbestos. Because of this, the waste from basalt 

fiber production has a minimal impact on the environment, primarily if these fibers are 

used with a recyclable matrix, making the resulting composite completely eco-friendly in 

terms of sustainability and reusability.  

The basalt fabric used in this research is manufactured by Zhejiang GBF Basalt Fibre 

Co., Ltd (Dongyang City, China), and supplied by Advanced Filament Technologies LLC 

(Houston, USA). The 0/90° fabric consists of two continuous fiber stitched mats with a 

total fiber weight of 669 𝑔 𝑚2⁄ . The fiber is made with 13-micron roving [117,118]. The 

sizing is a surface treatment which is done while extruding fibers during the production 

of fiber filaments, commonly by acid-alkali etching, coupling agent modification, plasma 

modification, or surface coating modification to improve the characteristics of the fibers 

like adhesion with polymer matrices and resistance properties [126,127].  

It should be noted that biaxial fabrics made by stitching two orthogonal layers of 

unidirectional (0°/90°) fabric together differ significantly from their woven counterparts. 

Stitched biaxial fabrics are classified as non-crimp fabrics, meaning that the rovings are 

not interlaced as they are in woven fabrics. This structural difference is advantageous 

because woven fabric composites often fail under high fatigue conditions due to the 

crimps in the fibers. In contrast, stitched bidirectional fabrics do not have these issues and 

offer better fatigue resistance. Another advantage of biaxial fabric is the very few or 

absence of bumps or high points that naturally form due to the weaving process. 
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Moreover, the likelihood of creation of resin-rich regions in woven fabrics is much 

greater in comparison [128]. 

Adding to it, the straight, flat format of the fiber bundles in biaxial fabrics leads to better 

strength and stiffness. By making these straight and flat fibers align directly with the 

loading-imposed forces, the fibers are better aligned to resist stretching and/or breaking 

during loading. Additionally, biaxial fabrics generally have a higher fiber count than 

woven fabrics. The increase in fibers results in greater overall strength, and a higher 

concentration of fibers means there is less matrix (resin) needed and hence, a less brittle 

composite. Consequently, having less matrix (resin) also reduces the overall weight of the 

material [128]. 

Figure 3-2 and Figure 3-3 show a picture of the biaxial fiber stitched and a visual image 

of the stitches in the fibers, respectively.  

 

Figure 3-2: Stitched biaxial fabric [128]. 

 

Figure 3-3: Schematics of the stitches used to make bidirectional fabrics [128]. 
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Table 3-1 reports the physio-mechanical properties of basalt fiber given by the 

manufacturer. 

Table 3-1: Physio-mechanical properties of the basalt fiber [126]. 

Material 
Density 

(g/cm3) 

Tensile Strength 

(MPa) 

Tensile Modulus 

(GPa) 

Elongation at 

Break (%) 

Basalt  2.75 4,840 89 3.15 

3.1.2 Matrix (Resin) 

As briefly stated in the previous chapter, the matrix is the constituent that holds the fibers 

together fiber-reinforced composites (FRC), ensuring they remain in their place and are 

distributed uniformly. Otherwise, any misalignment of fibers could compromise the 

strength and performance of the composite. The matrix also transfers the load from one 

fiber to another. Matrix enables the fibers to carry mechanical loads effectively, which 

makes the composite gain more impact resistance and transverse strength than is 

achievable with fibers alone. Lastly, the matrix determines the final product's surface 

quality, affecting its appearance and functionality in various applications [129]. 

Additionally, the matrix acts as a shield for the fibers, protecting the fibers from 

moisture, chemicals, UV radiation, and abrasion between the fibers, extending the 

composite's lifespan by minimizing wear and tear [122,92]. 

3.1.2.1 Recyclamine® Technology Based Resin 

As noted in 2.5.4, Recyclamine® (THR9357) is an amine-based recyclable thermoset 

epoxy curing agent (hardener) with low viscosity and moderate curing temperature. The 

cross-linked thermosetting matrix derived from Recyclamine® can be cleaved through 

low-energy solvolysis under specific conditions. This process converts the recovered 

epoxy matrix into a thermoplastic resin. This phenomenon renders a recovered resin that 

can be reused or repurposed, closing the sustainability loop in the manufacturing process 

[131]. Figure 3-4 shows the difference between a conventional epoxy (thermoset) and the 

Recyclamine amine link cleavage points changing Recyclamine® from thermoset to 

thermoplastic. 
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Figure 3-4: Polymer links in the conventional epoxy and Recyclamine® [132]. 

The amine-based curing agent (hardener) THR9357 is based on Recyclamine® 

Technology. The two-component recyclable epoxy laminating system consists of one 

epoxy resin from Briozen recyclable series Epotec YDL5557 and the hardener Epotec 

THR9357. The use of this resin facilitates the recycling and recovery of the 

reinforcement and matrix in a fiber-reinforced composite by a low-energy solvolysis 

process. The system is designed to suit various fabrication techniques under different 

environmental conditions due to its low reactivity and lower exothermic reaction than 

traditional epoxy. The lower viscosity of the system also allows fast and complete 

impregnation of different fibers [133]. Figure 3-5 below shows the two parts of 

Recyclamine-based epoxy resin.  

 

Figure 3-5: Two-part Recyclamine-based Epotec YDL_5557/THR 9357. 
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The system, Briozen Recyclable Series Based on Recyclamine® Technology, Epotec 

YDL5557-THR9357 was generously sampled from Aditya Birla Chemicals (Thailand) 

Ltd (Advanced Materials) and supplied by Aditya Birla Chemicals-Epoxy Business 

Americas. Table 3-2 shows the two-part system's physio-mechanical properties and 

mixing ratio according to the manufacturer and the curing condition used for this 

research.  

Table 3-2: Physio-mechanical properties of neat cured Epotec system. 

Materials Briozen YDL5557-THR9357 

Mixing Ratio (Resin: Hardener) (Parts by Weight) 100: 27 

Viscosity (mPa.s) 180-250 

Pot Life (Minutes) 200-300 

Curing Temperature Room Temp + 80°C / 8 hrs 

Tensile Strength (MPa) 75 - 85 

Tensile Elongation (%) 4.0 - 6.0 

Tensile Modulus (GPa) 3.0 - 3.5 

Flexural strength (MPa) 120 - 140 

3.1.2.2 West System® Epoxy Resin 

West System® epoxy system is another resin used in this research. The resin system is a 

two-part system, 105 Resin and 206 Hardener. The resin system is cured at room 

temperature and has very low chemical volatility. This resin is compatible with various 

fabrication techniques like vacuum-assisted resin transfer moulding and other 

manufacturing processes. This choice of fabrication technique reduces the creation of 

voids during the process and, hence, improves the quality of the composite [134,135]. 

Table 3-3 shows the system's physio-mechanical properties. Figure 3-6 shows the two-

part West System epoxy resin and hardener. 
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Table 3-3: Manufacture’s material properties of cured 105 epoxy resin [128]. 

Materials 105 Resin and 206 Hardener 

Mixing Ratio (Resin: Hardener) (Parts by Weight) 5:1 

Viscosity (mPa.s)  725 

Pot Life (Minutes) 20-25 

Working Time 90-110 

Curing Temperature 
Room temp./10-15 hrs, full 

strength/1-4 days 

Tensile Strength (MPa) 50 

Tensile Elongation (%) 4.5 

Tensile Modulus (GPa) 3.172 

 

 

Figure 3-6: Two-part West System 105 Epoxy Resin and 206 Hardener. 
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3.2 COMPOSITE FABRICATION: VACUUM ASSISTED RESIN INFUSION MOULDING 

This study used the vacuum-assisted resin transfer moulding (VARIM) method to 

fabricate the composite panels. As stated in the literature review, this method helps in 

uniform resin distribution, minimizing voids within the composite in a controlled 

fiber/resin ratio. This technique involves several essential steps, which are outlined as 

follows [129,130]: 

Mold Preparation: The process starts with a rigid, one-sided mould (a flat aluminum 

plate in our case) to create the panels. This mould is essential as it defines the shape and 

dimensions of the composite. Acetone was applied to the mould as a cleaning agent, 

followed by wax coating to remove the composite laminates easily. 

Preparing the Fiber Preform: Fiber preforms are reinforcement materials made from 

fibers (basalt in this study). They are carefully cut to the desired dimensions and 

orientation. The orientation and placement of these fibers are the critical parameters used 

in controlling mechanical properties. The correct arrangement of fibers in laminate 

composites is also crucial for improving their performance.  

For example, aligning the fibers parallel to the load's direction improves the strength and 

stiffness of the composite. However, if the load is applied transverse to the fibers, the 

composite is generally much weaker but has stronger bending stiffness and torsion [94]. 

Hence, to achieve the best of both, cross-ply orthotropic [0/90]ns was used in this 

research, with “n” being determined by the thickness required for the experiment.  

Stacking sequence in VART: The next step is to place a nylon-based, porous, non-stick 

peel ply (also known as release fabric) to the mould to better control the fiber volume 

fraction, for a distinctive surface finish, and for easy removal of the composite once 

cured. This step is followed by laying the fiber preforms with the correct fiber orientation 

and stacking after measuring the fiber laminate weight using a mass balance. Table 3-4 

reports the specifications of the various panels made for the different experiments 

conducted in this study.  
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Once all the fabrics layers are laid, another sheet of peel-ply is placed on the stack 

followed by a distribution media such as an infusion mesh to ensure the uniform 

channelling of the resin flow. Moreover, breather clothes are placed around the fabric 

stacks. The cloth's function is to allow air and other volatiles to be efficiently removed 

from the vacuum bagging and across the edges of the laminate.  

A spiral tube is placed across the inflow edge of the layup to facilitate a uniform resin 

distribution from the resin inlet to the outlet. A similar spiral tube is also placed on the 

opposite outlet edge of the layup. Lastly, the resin inflow and outlet tubes are placed in 

the middle of the spiral tubes.  

Table 3-4: Specifications of the test panels. 

Test Type 

Panel Dimension (mm3) 
No. of Layers of 0/90 

Basalt fabric 
Basalt-Epoxy Basalt-Recyclamine 

Tensile 280 × 230 × 3 280 × 230 × 2.5 8 Layers of Biaxial Fibers 

Compression 140 × 150 × 3.7 140 × 150 × 3.7 10 Layers of Biaxial Fibers 

Flexural  160 × 65 × 4.5 160 × 100 × 4.25 12 Layers of Biaxial Fibers 

Shear  150 × 130 × 4 150 × 130 × 4 10 Layers of Biaxial Fibers 

Impact 100 × 120 × 6.35 100 × 120 × 6.35 18 Layers of Biaxial Fibers 

Sealing the Mould: After placing the fiber preform and other necessary layers, sealant 

tapes are used to seal the resin inlet and outlet tubes and around the entire layup. The 

mould is then covered with a vacuum bag; the vacuum bagging is essential for creating 

an airtight seal around the mould and preform. A proper seal is necessary to prevent resin 

from leaking and to maintain a controlled vacuum environment inside the bag during 

resin infusion to minimize air-pockets and enforce consolidation of the composite panels. 

Applying Vacuum: A vacuum pump is connected to the sealed mould through the resin 

outlet tube; the vacuum is induced at -1 bar to remove air and volatiles from within the 
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mould cavity and the fiber preform. The vacuum removes trapped air and helps achieve 

the desired resin-to-fiber ratio, and facilitates consolidating the fibers. Moreover, once 

this is done, the vacuum bag is kept in a similar state by clamping the tubes for 15-30 

minutes to ensure proper assembly sealant.  

Resin Preparation: During this time, the resin is prepared with a fiber-to-resin ratio of 

1:1.2 to compensate for the resin lost in the process, like the resin sticking in the tubes’ 

wall and resins absorbed by the peel-ply. The two-part system resins (both the West 

System Epoxy and Recyclamine® Epotec), on separate fabrications, are mixed 

thoroughly according to their ratio for at least 1 minute and then placed in a vacuum 

chamber to remove any air bubbles (entrapped air) in the resin.  Figure 3-7 shows the 

vacuum pump and chamber used.  

 

Figure 3-7: The vacuum pump and chamber. 

Resin Infusion: With the vacuum applied, the resin is introduced at one end of the mould 

through the resin inlet tube after removing the clamps. The vacuum pulls the resin 

through the inlet tube, and the fiber preforms with the help of the infusion mesh to the 

outlet tube through the spirals, ensuring the structure soaks completely. The tubes are 

clamped once the resin and the entrapped airs have passed through the resin outlet tube.  

Resin Flow: The flow of resin needs to be carefully controlled to prevent the formation 

of dry spots (areas not wetted by resin) and to ensure a uniform distribution of resin 

throughout the preform. It is suggested by Chen [138] that the best method to have the 
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least void content is by reducing non-uniform resin flow and reducing continuous resin 

evaporation. The best method found was to have the full vacuum at the start of resin 

infusion, and once the fibers are impregnated with the resin, close the resin inlet and let 

the vent on with higher increased pressure. 

Curing Process: The curing process begins once the mold is fully infused with resin. 

The resin is polymerized and hardened, which can be accelerated by applying additional 

heat. The curing cycle, like the temperature and duration, enables the composite to attain 

its optimal performance, depends on the specific resin system used, and significantly 

influences the performance characteristics of the final composite part. The West System 

Epoxy system is cured at room temperature in 24 hrs. In contrast, according to 

manufacturer instructions, the Recyclamine ® Epotec was kept at room temperature for 

24 hours and then cured at 80°C for 8 hours in a temperature-controlled oven, as shown 

in Figure 3-8. 

 

Figure 3-8: Temperature-controlled oven. 

Demolding: After completion of the curing cycle, the vacuum is released, and the 

composite part is recovered from the bag and removed from the mould. This step must be 

handled carefully to prevent damage to the newly formed composite. Figure 3-9 and 
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Figure 3-10 show the schematic diagram of the assembly and the actual assembly during 

this research fabrication process, respectively.  

 

Figure 3-9: Schematic diagram of VARTM process [139]. 

 

 

Figure 3-10: The actual VARTM process.  
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CHAPTER 4 METHODOLOGY AND EXPERIMENTAL 

SETUP 

The methods used to evaluate the mechanical properties of the composites, including 

tensile, compressive, flexural, shear, and impact strengths, are outlined in this chapter. 

The chapter provides specifics on the testing equipment and their validation, as well as 

the fixtures, procedures, and standards, to ensure the results are reliable and replicable.   

4.1 TESTING EQUIPMENT  

An electronically controlled MTS servo-hydraulic universal testing machine was used to 

evaluate the tensile, compression, flexural, and shear properties. The impact test was 

conducted using an Izod Impact Tester. The other experiments conducted in this research 

required various test equipment, as outlined below.  

4.1.1 Muffle Furnace 

One of the key pieces of equipment used was the muffle box furnace, the Lindberg Model 

51748, for determining the fiber volume content and void content, which followed the 

burn-off test following ASTM D3171-22 [140]. The box furnace is designed for high-

temperature applications and can maintain stable temperatures up to 1100°C. The furnace 

ensures effective control over the heating process and has an inner chamber volume of 

around 100 x 100 x 200 mm3.  

4.1.2 Universal Material Testing System, MTS 

This digitally controlled system features a hydraulically actuated testing mechanism that 

provides precise control over the application of loads during testing. Tensile tests 

followed ASTM standards D638-22 and D3039M-17 for basalt-Recyclamine and basalt-

epoxy composites. Compression tests followed ASTM D6641M-1E2, flexural tests were 

conducted according to ASTM D7264M-07, and shear tests were performed according to 

ASTM D5379M-19 [141–144]. 
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The MTS system's digital control unit incorporated a user-friendly LabView application 

for controlling the loading rate and capturing the desired data for storage on a personal 

computer. 

4.1.3 Waterjet Cutter 

The Flow Paser 3 with Abrasive System Waterjet Cutter was utilized to extract the 

impact test specimens for Izod impact testing (ASTM D256-23) and tensile testing of 

basalt composites (ASTM D638-22) [145–147]. This advanced water jet cutting machine 

features a 0.010" orifice diameter and is powered by a pump capable of reaching a 

maximum pressure of 440 MPa (60 ksi). This system's precise cutter diameter and power 

allow for the accurate and clean cutting of composite materials, ensuring the samples are 

prepared to the specifications required for their respective mechanical testing. 

The water jet system is integrated with a retrofitted CNC gantry, enhancing its 

operational precision and control. The KMotion CNC control system controls the system. 

The water jet cutter can produce high-quality test specimens consistently. The pressure 

used for cutting the specimen was around 275 MPa (40 ksi). 

4.1.4 Izod Equipment 

The Tinius Olsen Model 66 Plastic Impact Tester was used to conduct the Izod impact 

tests on the composite samples following ASTM D256-23 standard. The Tinius Olsen 

Impact Tester has a capacity of 22.6 Joules (200 in-lbs.), with weights available for 

testing ranges of 25, 50, 100, and 200 in-lbs. The device is equipped with an Izod striker, 

a 25 in-lb. hammer, a weight set for 50 in-lb. testing, and an Izod devise. 

Figure 4-1 shows various test equipment used in this research. 
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Figure 4-1: (a) Muffle Furnace, (b) MTS Universal Testing Machine, (c) Izod Impact Tester, and (d) Waterjet Cutter. 

4.2 DATA ACQUISITION  

This section covers the methods and tools used for collecting data during the 

experiments. Accurate data collection is essential for analyzing the mechanical properties 

of the composites. Various instruments were used to gather precise measurements, 

including a mass balance, NIDAQ system, strain gauges, laser extensometer, etc. The 

following subsections will describe each important equipment and fixture, how they were 

calibrated, and the protocols followed to collect the data needed for subsequent analysis. 

4.2.1 Analytical Balance 

The standard test method D792-20 for Density and Specific Gravity (Relative Density) of 

Plastics by Displacement was used for the density measurement of the burnt-off fibers 

[148]. The precision balance used in this procedure was the Sartorius Analytical Balance. 

It is very well known for its high accuracy and precision in mass measurements. It has a 
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maximum capacity of 220 grams, suitable for measuring small samples with high 

precision, and a readability of 0.1 milligrams (0.0001 grams). The digital display 

provides real-time updates during the measurement process, and the balance sensitivity 

helped determine the presence and removal of bubbles during measurements. 

4.2.2 Strain Gauge and National Instrument Data Acquisition (NIDAQ) 

Various strain gauges and a National Instrument Data Acquisition (NIDAQ) system were 

used to measure strain during the composites' tensile, compressive, and shear testing. The 

strain gauges used were from Micro Measurement (Toronto, Canada), with a 350 ohm 

resistance and a gauge factor of 2.1. These gauges were configured in a quarter-bridge 

format using NI 9945 quarter-bridge completion module(s). 

Moreover, the NIDAQ system used in this study included the Compact DAQ chassis 

9172, Which was paired with the NI 9237 module, a 4-channel full/half-bridge analog 

input module designed for dynamic strain measurements. The setup also incorporated RJ 

50 cables for reliable and accurate signal transmission from the strain gauges to the 

NIDAQ system through NI 9945. 

During testing, the strain gauges were carefully bonded to specimens at specified 

locations using super glue, which yields the largest modulus (110% increase both 

numerically and experimentally), according to Komurlu et al [149]. The NI 9237 module 

captures the analog signals from the strain gauges and converts them into digital data for 

analysis. The collected data were processed and analyzed using NI software known as 

Signal Express 2015 (the latest software compatible with this lab's NIDAQ 9327 

module), which facilitates the real-time visualization and recording of strain.  

4.2.3 Laser Extensometer 

Another strain-measuring device used in this study was a laser extensometer (Model LE-

05) manufactured by Electronic Instrument Research (Irwin, PA). This advanced 

extensometer is designed to provide precise, non-contact strain measurement during 

mechanical testing. The laser measures the slightest change in a given distance by the 

reflective rays emitting back from two retroreflective pieces of tape attached to the 

specimens during testing events. The laser extensometer is placed on a levelling surface 
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before the test, and the reflective tapes are typically placed at a specific gauge distance 

where the strain is desired to be captured.  

4.2.3.1 Strain Gauges and Laser Extensometer Calibration and Validation 

The strain gauges and laser extensometer were calibrated by testing them against one 

another on a material with a known modulus (aluminum alloy 3003). The two devices 

captured the aluminum specimen's deformation at a gauge length subjected to tensile 

loading, and the resulting strain was calculated. The tests were repeated three times, and 

data were collected to calculate the modulus of elasticity. The calculated modulus from 

the strain gauge data was an average of 65.2 GPa, while the laser extensometer yielded a 

modulus 65.2±5 GPa, displaying some inconsistencies and discrepancies. These results 

were then compared to the standard modulus of aluminum (modulus of 68.9 GPa) to 

assess the accuracy of both measurement devices. 

Other devices, such as two Instron clip-on extensometers, were also tried but exhibited 

more significant inconsistencies compared to the strain gauge and the laser extensometer 

readings. Due to these findings, the strain gauges and the laser extensometer were 

selected as the primary devices for measuring strain in this study despite the minor 

inconsistencies observed with the laser extensometer. 

4.2.4 Other Measurement devices 

In addition to the analytical balance, strain gauges, laser extensometers, and other 

measurement devices were also used. For example, a digital micrometer was required to 

measure all the test specimens' dimensions. This device provides high precision and 

accuracy in measuring thickness, width, and length up to 0.01 mm or 0.000001 m. 

Moreover, using the Archimedes principle, a graduated cylinder was used to determine 

the density of the specimens. This method involves immersing the specimen in water and 

measuring the volume of water displaced to calculate the specimen's volume.  

Figure 4-2 shows the data collection devices used in this research. 
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Figure 4-2: (a) and (b) the laser extensometer, (c) NIDAQ data acquisition system, (d) the balance, e) the graduated 

cylinder. 

4.3 PROCEDURE 

This section outlines the procedures for conducting various tests on the composite 

materials. The processes include description and significance of each test, test setup and 

specimen preparation. It covers the specific testing parameters for each type of test, 

including machine settings and environmental conditions. Data collection methods are 

described as well. Finally, the formulas used to analyze the collected data and derive the 

key material properties are presented.  

4.3.1 Fiber Volume Content and Void Content Determination 

The burn-off test is conducted as per Test Method I, Procedure G of ASTM 3171-22 

[140]. This test method focuses on the combustion and annihilation of the matrices in a 
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furnace, leaving the high-temperature resistant reinforcement like basalt unaffected. 

Additionally, the void volume of a composite material significantly impacts its 

mechanical properties; higher void volumes often lead to lower fatigue resistance, greater 

susceptibility to moisture penetration and weathering, and increased variation in strength 

properties.  

The procedure began with preparing and weighing the composite specimens of 

approximately 40 mm × 20 mm, with each test repeated three times to ensure accuracy. 

The fabricated panels were cut to the required shape using a water-cooled table saw 

equipped with a diamond-coated saw blade to extract the test specimens. The specimens 

were then dried in a drying oven for 30 minutes at 25 °C to ensure moisture removal. 

Each specimen's density was then determined per Test Method D792 [148]. The 

specimen's length (l), width (w), and thickness (t) were measured using a digital 

micrometer. The mass of each specimen was measured in air (𝑚 comp, air) and 

subsequently in distilled water at 21°C (𝑚 comp,w), with the analytical balance. The 

composites' density (𝜌 comp 1) were then calculated using the following equation. 

  

𝜌 =
𝑚

𝑉
 Equation 4-1 

where, m and V are the mass and volume of the specimen. 

The density of the composites was also evaluated in accordance with ASTM D792-20. 

First, the specimen's specific gravity () was assessed at room temperature using Equation 

4-2: 

 = 𝑎(𝑎 − 𝑏) Equation 4-2 

where 𝑎 and 𝑏 are the apparent masses of the specimen in air and when immersed in 

liquid, respectively. 

Following the specific gravity calculation, the density of the composite, 𝜌comp 2 can be 

determined using Equation 4-3: 
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𝜌 =  × 0.99773 Equation 4-3 

Each specimen was then placed in a desiccated, reweighed crucible. The crucible itself 

was cleaned by heating it to 500-600 °C in the muffle furnace and then cooled in a 

desiccator before weighing. The crucible containing the specimen was then placed into 

the preheated muffle furnace set at 500 °C to avoid spontaneous ignition of the samples. 

The temperature was gradually increased to around 600 °C, to burn off the matrix and 

leave only the reinforcement. The burn-off process was conducted for 1 hour, and by that 

time, the matrix was considered fully combusted, leaving only ash and reinforcement 

visible. 

After the combustion, the specimen and crucible were placed in a desiccator (dry oven) to 

cool to room temperature. Finally, the specimen was transferred to the analytical balance 

to measure the mass of the fiber in air and the mass of the fiber in water. The fibre 

density, 𝜌𝑓 was then calculated using equations Equation 4-2 and Equation 4-3 

The weight percent of the fiber was calculated using Equation 4-4: 

𝑊𝑓  = 𝑀𝑓/𝑀𝑖  ×  100 Equation 4-4 

where, 𝑀𝑖  and 𝑀𝑓 are the initial mass of the composite before and after combustion (in 

grams), respectively. 

The volume percent of the fiber, 𝑉𝑓 in percent, can be calculated using Equation 4-5 

𝑉𝑓  = 𝑀𝑓/𝑀𝑖  ×  100 × 𝜌𝑐/𝜌𝑓   Equation 4-5 

where 𝜌𝑐 and 𝜌𝑓 are the densities of the composite and the fibers, in g/cm3. 

The weight percent of the matrix, 𝑊𝑚 can be calculated using the following equation 

𝑊𝑚  = (𝑀𝑓 − 𝑀𝑖)/𝑀𝑖  ×  100 Equation 4-6 

where 𝑀𝑖 and 𝑀𝑓 are the initial and final mass of the composite specimen in grams before 

and after combustion, respectively. 

Similarly, the volume percent of the matrix, 𝑉𝑚 is calculated by 
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𝑉𝑚  = 𝑀𝑖 − 𝑀𝑓/𝑀𝑖  × 𝜌𝑐/𝜌𝑚 × 100 Equation 4-7 

where 𝜌𝑚 is the density of the matrix in g/cm3. 

Finally, the void volume, 𝑉𝑣 in percent, was calculated according to Equation 4-8.  

𝑉𝑣 = 100 − (𝑉𝑓 + 𝑉𝑚) Equation 4-8 

Henceforth, the specimens' void content and fiber volume will be determined. Figure 4-3 

shows images of the equipment used for calculating the density and the burn-off test. 

 

Figure 4-3: Equipment used to conduct the burn-off test and density measurement, (a) muffle Furnace, (b) 

composite specimen before combustion, (c) fibers after matrix combustion, (d) analytical balance, measuring 

the mass of fibers in the air, and (e) when submerged in water. 

 

4.3.2 Tensile Test 

The tensile test measures the force required to break a sample and the extent to which it 

elongates or stretches the specimen to fracture. The results of tensile tests are typically 

represented as a stress-strain diagram, which is used to determine the tensile modulus of 

the material. This data is essential for material selection and designing parts. Even when 

the material is primarily loaded in shear or compression, the tensile modulus and strength 
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are still measured to provide a general indication of the material's quality and 

performance. 

4.3.2.1 Testing Fixture and Specimen Preparation 

The tensile test is carried out per the ASTM D638 [146] for both basalt-epoxy and basalt-

Recyclamine. The specimen is placed and secured in the test machine using the 

mechanical grips attached to the MTS machine, as shown in Figure 4-4.  

 

  

Figure 4-4: Tensile test setup basalt-epoxy specimens. 

The specimen was equipped with a strain gauge or extensometer in its gauge length and 

was subjected to tensile load until failure. The specimen tested according to ASTM D638 

requires a 2D dog-bone shape-like specimen. The specimen was drawn in SolidWorks 

and predefined in Adobe Fusion 360, the CAM software that controls the waterjet cutter 

for dimensional accuracy and precision without affecting the specimens. The basalt-

epoxy and basalt-Recyclamine specimens had a rectangular shape with dimensions of 

250 × 25 × 2.5 mm3, with a neck in the middle, as shown in Figure 4-5. 
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(a) 

(b) 

Figure 4-5: a) CAM design of basalt-Recyclamine (dog-bone) specimen, (b) prepared dog-bone specimen. 

 

4.3.2.2 Testing Parameters 

ASTM D638 suggests a nominal loading rate of 5 mm/min. The rate provides a 

completion test time of less than 5 minutes.  

4.3.2.3 Data Collection 

Each specimen's width, thickness and gage length were measured using a digital 

micrometer in different places. Each dimension was measured at least three times, and 

the average values were taken. The MTS software was used to collect the real-time in 

seconds from the start of the experiment till the end. The force in 'kN' and the laser 

extensometer reading in 'mm' were also recorded by the MTS software. The frequency of 

data collection was set to 2048 Hz to be consistent with NIDAQ data collection from the 

strain gauges.  

The collected data from the experiment is then processed to calculate the tensile stress, 

strain and modulus of elasticity using the following equations.  
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𝜎𝑛 =
𝐹𝑛

𝐴
× 1000 Equation 4-9 

휀𝑛 =  
𝑙𝑛+1 −  𝑙0

𝑙0
 Equation 4-10 

𝐸 =
∆𝜎

∆휀
 Equation 4-11 

In the above equations, 𝜎𝑛 is the tensile stress in MPa at the nth data point, 𝐹𝑛 is the 

applied load at the nth data point, A is the cross-section area of the specimen measured 

during sample preparation, in mm2, E is the tensile modulus of elasticity, in MPa 

Additionally, the strain, 휀, was captured by strain gauges, in mm/mm. To verify and as a 

precautionary measure, in the likely event the strain gauge fails the laser strain, 휀𝐿 , was 

also obtained from the data captured through the laser displacement reading using 

Equation 4-10, where 𝑙0 and 𝑙𝑛 are the initial length and length at nth point of the laser 

reading, respectively.  

The curve of stress-strain (𝜎𝑛 − 휀𝑛) was plotted for each specimen to see the correlation, 

better visualize, and compare the ultimate strength and modulus among the specimens. 

Lastly, the increments of stress (∆𝜎) and strain( ∆휀) in the linear part of the curves were 

used to establish elastic modulus, 𝐸.  

4.3.3 Compression Test 

The compression test traces the material's behaviour under compressive loading and 

establishes the force required to break a specimen. Like the test tensile, the behaviour of 

the compressive tests is typically represented as a stress-strain diagram, which is used to 

determine the material's compressive strength, strain, and modulus.  

4.3.3.1 Testing Fixture and Specimen Preparation 

The compressive test is carried out following the ASTM D6641M-16e2 – "Compressive 

Properties of Polymer Matrix Composite Materials" using a Combined Loading 

Compression (CLC) test fixture [142]. As shown in Figure 4-6, the CLC test fixture 

consists of two halves (blocks), with the upper block sliding up and down in relation to 
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the lower block on a roller bearing over two cylindrical rods. The specimen is gripped by 

the two blocks and secured using the bolts on the blocks, torqued to around 2.5 Nm. The 

specimen's ends are in contact with the lower and upper platens. Then, the fixture itself is 

loaded in compression between the flat platens, as shown in Figure 4-6.  

Both the basalt-epoxy and basalt-Recyclamine test specimens are rectangular in shape 

(see Figure 4-6), with dimensions of 140 x 25 x 4 mm3 as per ASTM D6641M-16e2 were 

cut. The specimen thickness is based on Equation 4-12 given in the standard to ensure 

Euler buckling is prevented in the gage section during the loading: 

ℎ ≥
𝑙𝑔

0.9069√(1 −
1.2𝐹𝑐𝑢

𝐺𝑥𝑧
) (

𝐸𝑐

𝐹𝑐𝑢)

 
Equation 4-12 

In the above equation, ℎ is specimen thickness in mm, 𝑙𝑔 is gauge length in mm, 𝐹𝑐𝑢 is 

the expected ultimate compressive strength in MPa, 𝐸𝑐 is the expected flexural modulus 

in MPa, and 𝐺𝑥𝑧 is the expected through-the-thickness (interlaminar) shear modulus in 

MPa. 

As can be seen, several values should be speculated when using Equation 4-12. This 

becomes difficult when testing a new material for which data is scarce. In such a case, the 

standard suggests the use of ASTM D3410/D3410M – 16, "Standard Test Method for 

Compressive Properties of Polymer Matrix Composite Materials with Unsupported Gage 

Section by Shear" [150]. In this method, the calculation of specimen dimensions requires 

the value of the expected compressive strength. Accordingly, the thickness of the 

specimen was determined to be at least 3.17 mm to prevent Euler buckling; hence, the 

thickness of the coupons used in this experiment is close to 4 mm. The thickness and 

other dimensions satisfy the standards requirement for preventing Euler buckling. The 

exact dimensions and the actual coupon are illustrated in Figure 4-6.  
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(a) 

 

(b) 

 

(c) 

Figure 4-6: (a) Schematics of the of compression test coupon, (b) a basalt Recyclamine coupon, (c) the compression 

test setup. 

4.3.3.2 Testing Parameters 

Like tensile, the strain rate as per ASTM D6641M is also determined by the material 

specification. This study uses a loading rate of 1.3 mm/min. The laser extensometer was 

used to collect the change in gauge length displacement. Two stripes of retroreflective 

tape were placed across the specimen's width in parallel within a specified gauge 

distance. Additionally, a strain gauge was glued to the reverse surface of the specimen. 

Finally, the test was started and stopped when an apparent visible failure occurred either 

visually or through observation made on the real-time load-displacement graph produced 

by LabVIEW Software. 

Further data processing was carried out using basic mechanics of material analyses 

similar to tensile tests (see section 4.3.2.3). 

4.3.4 Flexural Test 

The flexural test determines polymer matrix composite materials' strength, stiffness, and 

load/deflection behaviour under a bending state. The flexural properties are helpful for 

quality control and specification purposes and are even preferred over uniaxial properties 

in cases when the material is predominantly subjected to flexural loading. 
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4.3.4.1 Test Fixture and Specimen Preparation 

The flexural tests were carried out in accordance with the D7264/D7264M – 07, 

“Standard Test Method for Flexural Properties of Polymer Matrix Composite Materials" 

[143]. Procedure B's standard flexural test fixture subjects the specimen to a four-point 

loading. This configuration uses two symmetrically distanced load points (with respect to 

the mid-span), equally spaced from their adjacent support points, with the distance 

between load points set to one-half of the support span. This setup ensures that the 

maximum bending moment and flexural stress are uniformly distributed between the 

central load points with no shear forces between the load as opposed to the three-point 

bending test. 

The fixture includes free-rotating cylindrical loading noses and supports, each with a 

radius of 3.00 mm. The system is carefully aligned to ensure that the axes of the 

cylindrical surfaces are parallel, maintaining consistency in the load applied. The fixture 

was designed in SolidWorks and fabricated by a machine shop technician at Dalhousie 

University. Figure 4-7a and Figure 4-7b show the fixture design and the test setup. 

The specimen is rectangular with dimensions of 160 × 13 × 4 mm3, and the span length 

was 97 mm, adopting a thickness-to-length ratio of 1:20 to eliminate the shear 

deformation. The test fixture schematic and actual test setup are illustrated in Figure 4-7. 

(a) (b) 

Figure 4-7: (a) Schematics of the Four-point bending test fixture and (b) test setup. 
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4.3.4.2 Testing Parameters 

The loading rate was set to 5 mm/min according to the standard. The laser extensometer 

was used to record the exact mid-span deflection, as seen in Figure 4-7. Additionally, a 

strain gauge was used to acquire the tensile strain at the specimen mid-span. Finally, the 

test was initiated, observed, and stopped when a clear, visible failure occurred either 

visually or through the live load-displacement graph produced by MTS Software. 

4.3.4.3 Data Collection and Processing  

During specimen preparation, each specimen's width, thickness, and gage length were 

measured by a digital micrometer in different places in three different locations, and the 

averages were taken. The LabVIEW software collected the time and load increments 

during each test. Each test was continued till failure of the specimen was observed.  

The collected data from the experiment was then processed using Equation 4-13 and 

Equation 4-14 to establish the flexural stress and strain, and the modulus of elasticity was 

calculated using the equation provided earlier. To calculate the stress and strain, the 

following equations were used: 

𝜎 =
3𝑃𝐿

4𝑏ℎ2
 Equation 4-13 

where 𝜎 is the maximum stress across the cross in MPa, 𝑃 is the applied force in N, and 

𝐿, 𝑏 and ℎ are the support span specimen's span length, width and thickness in mm, 

respectively,  

and   

휀 =
4.36𝛿ℎ

𝐿2
 Equation 4-14 

In the above equation, ε is the maximum tensile strain in mm/mm, and 𝛿 is the mid-span 

deflection in mm. 

4.3.5 Shear Test 

Shear testing is used to evaluate materials' shear strength and modulus, crucial parameters 

indicating the material's ability to withstand shear stresses. This type of test measures 

how a material responds to shear forces, that is, (i) the forces that cause one layer of the 
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material to slide past an adjacent layer (interlaminar shear) or (ii) forces that cause fibers 

and matrix to slide within the same layer (in-plane shear). 

4.3.5.1 Testing Fixture and Specimen Preparation 

The shear properties of the composite materials were evaluated by following ASTM 

D5379 Standard, "Test Method for Shear Properties of Composite Materials by the V-

Notched Beam Method (Iosipescu test)" [144]. The test fixture in this method consists of 

two primary blocks: the upper block and lower block, as can be seen in Figure 4-8 and an 

actual notches specimen is also shown in An actual specimen is shown in Figure 4-8c. 

The specimen is secured in the wedge clamp in each block. The lower grip is mounted on 

a base plate, which also supports a linear bearing shaft, while the upper grip contains a 

linear bearing that slides over this shaft. An aligner rod is in place to ensure the specimen 

is aligned with the fixture at the v-notch and to ensure maximum shear stress distribution 

in the centre region between the v-notches.  

The v-notches in each specimen is cut using a similar-looking guiding fixture that 

sandwiches each specimen (see Figure 4-8b). A reciprocating air saw was used to cut the 

v-notches following the guiding fixture.  

The standard specimen dimensions include two notches at an angle of 90 degrees, a notch 

depth of 20% of the specimen width from each side, and a notch radius of 1.3 mm. These 

notches are designed to create a uniform shear stress in a region between the notches. The 

specimens have dimensions of 76 mm in length, 19 mm in width, a notch width of 11.4 

mm, and 3 to 4 mm in thickness. The notch width and the thickness of the specimen were 

measured using a digital micrometer in different places (at least three readings), and the 

average was taken. A pair of 350 ohms orthogonal stacked rosette strain gauges (Kyowa 

Model KFGS-2-350-D16-11 L1M2S) was used to measure the strains. The gauges have a 

10 mm diameter base size with a gauge length of 2 mm. The gauges were glued to the 

specimens at a 45°angle with respect to the loading axis between the notches.  
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(a) 

 
(b) (c) 

Figure 4-8: a) Fixture for coupon cutting, b) Shear test Coupon, c) Shear test assembly. 

4.3.5.2 Test Parameters 

The specimen is inserted into the fixture using an alignment tool to ensure the notches are 

correctly positioned relative to the loading axis. The testing speed was set to 2 mm/min 

according to the standard.  

Moreover, the relative displacement between the fixture halves, caused by the 

compressive force from the testing machine, induces shear stress in the notched section of 

the specimen, allowing the shear properties of the material to be evaluated accurately. 

Finally, each test was stopped when a visible failure occurred either visually or was 

observed through the live load-displacement graph produced by LabVIEW Software. 

4.3.5.3 Data Collection and Processing  

The data was collected through the LabVIEW software as in the other tests. The NIDAQ 

was also used to record the strain readings from the gauges. The frequency of data 

collected was the same as the other tests mentioned previously.  

The collected data from the experiment was then processed, and Equation 4-15 was used 

to calculate the shear strain. 

𝛾𝑛 = |휀+45| + |휀−45| Equation 4-15 

where γn is the engineering shear strain at nth data point, 휀+45 and 휀−45 are the normal 

strain at ith data point of each gauge. The ultimate engineering shear strain, 𝛾a, is taken 

either at the ultimate load or at 5% of the total strain if the material exhibits non-linear 
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behavior and deform without shear failure, whichever comes first. This value is taken 

mainly to avoid irregularities in the experimental data that can happen when the fibers 

reorient after shear failure, allowing the fibers to carry a major portion of the load.  

Equation 4-16 is used to calculate the shear modulus.  

𝐺𝑐ℎ𝑜𝑟𝑑  =  𝛥𝜏/𝛥𝛾 Equation 4-16 

in which 𝐺𝑐ℎ𝑜𝑟𝑑 is the shear chord modulus of elasticity in MPa, 𝛥𝜏 and 𝛥𝛾 are the stress 

increment, and the corresponding strain increment is taken in the linear elastic portion of 

the shear stress-shear strain curve. 

4.3.6 Izod Impact Test 

An impact test evaluates a material's resistance to failure when subjected to a suddenly 

applied force, such as a collision, falling object, or instantaneous blow. This test 

measures the impact energy, or the energy absorbed before the material fractures. Various 

methods are used to assess the impact resistance of plastics. The notched Izod impact test 

is the most commonly used method among these. This test is essential for comparing the 

relative impact resistance of different materials under controlled laboratory conditions. 

By providing critical data on a material's toughness by using Izod Impact test, engineers 

can predict how materials will perform in real-world conditions where they are subjected 

to dynamic or suddenly applied loads. The Izod impact test also helps identify potential 

material weaknesses, which later helps improve material formulations and processing 

techniques. 

4.3.6.1 Test Fixture and Specimen Preparation 

The Izod impact test is conducted using a Tinius Olsen Model 66 Plastic Impact Tester, 

which complies with the ASTM D256-23, "Standard Test Methods for Determining the 

Izod Pendulum Impact Resistance of Plastics (Polymers)" [145]. The device for this test 

consists of a pendulum-type hammer released from a fixed height to strike a notched 

specimen, which is mounted vertically in a vice. The hammer's swing and impact on the 

specimen apply 22.6 Joules (200 in-lbs) of energy to the specimen at a consistent 
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velocity, and the test's gauge records the energy absorbed by the specimen during the 

impact.  

Specimen preparation for the Izod impact test involved precise cutting and notching of 

the specimens to ensure consistency in the results. Specimens with dimensions of 63.5 

mm in length, 12.7 mm in width, and a thickness of around 6.5 mm were extracted from 

the panels. The waterjet cutter was fed with the specimen's shape and dimensions through 

a G-code generated using Autodesk Fusion 360 KMotion software.  

According to the ASTM D256-23 standard [145], the test specimens must have a specific 

notch geometry to create a stress concentration that promotes a brittle fracture. The 

standard specimen includes a notch angle of 90 degrees made at a distance of 31.8 mm 

from one end of the specimen length (see Figure 4-9b). The notch has a radius of 0.25 

mm and a depth of 2.54 mm. The specimen notch was precisely positioned in the device's 

grip, as shown in Figure 4-9c.  

     

(a)        (b)          (c) 

Figure 4-9: (a) Izod coupon, (b) Tinius Olsen Impact Tester and (c) aligning the coupon in the vice. 

 

4.3.6.2 Data Collection and Processing  

Before testing the specimens, the hammer was operated to assess the friction in the 

bearing of the hammer and the friction due to the hammer's travel through the air. The 

total energy consumed by these factors was estimated to be approximately 1 in-lbf. 
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Subsequently, each specimen was tested, and the energy absorbed by the specimen and 

the failure mode were recorded. A total of five specimens were tested. 

The net Izod energy was found by Equation 4-17: 

𝑁𝑒𝑡 𝐼𝑧𝑜𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐵𝐸1 − 𝑇𝐸1 Equation 4-17 

where 𝐵𝐸1 is the initial break energy corrected for friction and windage and 𝑇𝐸1 is the 

toss energy.  

4.3.7 Micromechanics Analyses  

Several micromechanical models were used to determine the physical properties of the 

heterogenous composites, including the Rule of Mixture (RoM). RoM is a basic model 

derived based on the constituents' volume fraction to predict composites' elastic 

properties. The RoM assumes that the fiber and the matrix are fully bonded and thus 

would have equal strains under an applied load. The RoM is used to estimate the strength 

of the unidirectional fiber composites by considering the volume fractions of the fiber 

and matrix components [151]. The RoM is also utilized to find other elastic properties as 

well like Poisson’s ratio and shear modulus of the constituent fibers and matrices. The 

following equation determines the longitudinal elastic modulus (along the fibers): 

𝐸1 =  𝐸𝑓 . 𝑉𝑓 + 𝐸𝑚. 𝑉𝑚  Equation 4-18 

where 𝐸𝑓 and 𝐸𝑚 are the modulus of elasticity of the fiber and matrix, respectively, and 

𝑉𝑓  and 𝑉𝑚 are the volume fraction of the fiber and matrix, respectively. 

The Halpin-Tsai model [145] was also utilized to find the other mechanical properties. 

The model considers the geometric characteristics and the orientation of the fiber filler. 

The desired properties can be obtained by using the following Equation 4-19: 

𝑀 =  (
1 + 𝜉𝜂𝑉𝑓

1 − 𝜂𝑉𝑓
) 𝑀𝑚 Equation 4-19 

in which, the coefficient 𝜂 is given by Equation 4-20 

𝜂 =  

𝑀𝑓

𝑀𝑚
 −  1

𝑀𝑓

𝑀𝑚
 +   𝜉

 Equation 4-20 
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In the above equations, 𝑀 is the desired property (i.e., E1, E2, ν12, G12), 𝑀𝑓 and 𝑀𝑚 are 

the corresponding fiber and matrix parameters, respectively, and 𝑉𝑓 is the fiber volume 

fraction. 

The parameter "𝜉" is called the reinforcing factor, and it depends on the fiber cross-

sectional geometry, fiber packing geometry and the loading conditions. For this research, 

𝜉 was determined to have a value of two (2) when calculating the transverse elastic 

modulus of elasticity of the composite. 

Another indirect approach to determining the tensile and compressive strength of a 

unidirectional (UD) composite is done by incorporating the Back-Out Factor (BoF). BoF 

is a factor determined multiplied by the experimental values obtained from tensile and 

compressive tests on cross-ply laminate. It is the ratio of the axial stiffness of the cross-

ply laminate to that of the unidirectional plies. This factor is a simplified estimation based 

on the laminated plate theory. Thus, this simplified theory is only applicable in 

homogenous composites with [0/90]ns (cross-ply laminates with an equal number of 0° 

and 90° plies (i.e., symmetric plies)) or angle ply composites with similar provisions 

[152–154]. The general formula for balanced and symmetric cross-ply lamina is: 

𝐵𝑜𝐹 =
𝑄11

0 𝐴22 − 𝑄12
0 𝐴12𝑡

𝐴11𝐴22 − 𝐴12
 Equation 4-21 

where 𝑄ij
0 are the ij elements of the reduced stiffness matrix for a unidirectional ply and  

𝐴ij represent the axial stiffness terms of a unidirectional laminate in a plane stress 

configuration.  

The above equation can be simplified for laminates with the configuration [0/90]ns, 

resulting in Equation 4-22: 

𝐵𝑜𝐹 =

1
2 𝐸11(𝐸11 + 𝐸12) − (𝑣12𝐸12)2

1
4

(𝐸11 + 𝐸22)2 − (𝑣12𝐸22)2
 Equation 4-22 

where 𝐸1 and 𝐸2 are the modulus of elasticity in the axial and transverse directions of a 

unidirectional ply, respectively, 𝐸12 is the shear modulus (i.e., = 𝐺12) and 𝑣12 = the major 

Poisson's ratio. 
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However, further simplification was required in this research for the evaluation of the 

compressive unidirectional properties using the backing-out factor due to the 

unavailability of the transverse modulus of the UD composites. Hart-Smith [154] 

presented a generalized equation based on the simplified rule of mixture in conjunction 

with the thin plate theory. This method assumes the composite to be a thin plate, and 

hence, Poisson's ratio effect can be overlooked, which he claimed to work for 

determining both the tensile and compressive strengths test from cross-ply tests. The 

Hart-Smith equation is as follows: 

𝜎11 =  
𝜎𝑥

𝑉𝑓0
+ (1 − 𝑉𝑓0

) 
𝐸2

𝐸1

  
Equation 4-23 

where 𝑉𝑓0
 is the fiber volume fraction of 0° fiber in the cross-ply composite, 𝜎𝑥 is the 

tensile strength of the cross-ply composite and 𝜎11 is the tensile strength of the UD 

composite. 

Moreover, the Military Handbook, MIL-17-F [155] considers the transverse modulus (E2) 

effect insignificant; hence, it can be ignored. All the methods described assume linear 

stress-strain behaviour to failure. For the composite. If E2 is unavailable, this method 

involves measuring only the modulus from a unidirectional specimen and modulus, Ex 

from the cross-ply laminate being tested, with the assumption that the laminate fails by 

the same mechanism and at the same strain as the plies in a unidirectional specimen and 

that it does not fail prematurely, allowing for the calculation of lamina strength in the 

axial direction to be: 

𝜎1 =  
𝐸1

𝐸𝑥
 ×  𝜎𝑥 Equation 4-24 

In the above equation, 𝜎𝑥 is the tensile/compressive strength of the cross-ply laminate 

and 𝜎1 is the strength of its UD laminate. 

Additionally, in order to calculate (shear modulus) G12 and compare it with the 

experimental results obtained from the shear test, the equation based on the theory of 

elasticity [156] was employed. The results were then verified against those obtained from 

Halpin-Tsai’s model for calculating G12. The elasticity equation is as follows:  
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𝐺12 = 𝐺𝑚 [
𝐺𝑓 + (1 + 𝑉𝑓) + 𝐺𝑚(1 − 𝑉𝑓)

𝐺𝑓 + (1 − 𝑉𝑓) + 𝐺𝑚(1 + 𝑉𝑓)
] Equation 4-25 

where 𝑉𝑓 and 𝐺𝑓 are the fiber volume fraction and modulus of the fiber, respectively, and 

𝐺𝑚 is the shear modulus of the matrix used for the composite. Other models, such as 

Hahn’s model, were also considered to verify the results obtained experimentally and 

analytically.  

Lastly, a compression test of uniaxial basalt fiber composites (achieved by burning off 

the biaxial fibers) was conducted to determine the accuracy of the tests carried out and to 

verify the back-out factor. More details on the specimen preparation are provided in 

section 5.7. 

This test was conducted in accordance with ASTM D6641M [150], the standard for 

Compressive Properties of Polymer Matrix Composite Materials, using a Combined 

Loading Compression (CLC) fixture. The specimens were carefully tabbed with 

fiberglass to prevent Euler buckling and ensure the load would be concentrated in the 

gage section. A laser extensometer was used to measure the strain during the tests. The 

preparation of the specimens involved aligning and securing the fibers with fiberglass 

tabs to prevent premature failure due to buckling. This method allowed for a detailed 

analysis of the compressive strength and modulus of the uniaxial fibers. 

Figure 4-10 shows (a) the tabbed specimen and (b) the specimen during the test.   
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Figure 4-10: (a) tabbed specimen and (b) specimen with the test set-up. 

These analyses were conducted to enhance understanding of the material's 

micromechanics, compare the analyses with similar research found in the literature, and 

assess the validity of the Back-out Factor and other micromechanics approaches. 

In addition to the specific test measurements and the analyses mentioned above, other 

essential calculations were performed to analyze the data comprehensively across all 

experiments. These calculations included determining the average values of the results 

and calculating the standard deviation, which measures the dispersion or spread of the 

data points around the mean. Furthermore, the coefficient of variation (CV), the ratio of 

the standard deviation to the mean expressed as a percentage, was also calculated for 

each test category. Lastly, all these calculations were processed using Microsoft Excel, 

and the results are presented in table form.  

4.3.8 SEM and Digital Microscopic Analyses 

The Scanning Electron Microscopy (SEM) analysis was conducted on re[presentative test 

specimens to ascertain the composites' microstructural characteristics and failure 

mechanisms. SEM provides high-resolution images of the specimen's surface, allowing 
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for detailed examination of the fiber-matrix interface, fracture surfaces, and 

microstructural defects. The Electron Hitachi S-4700 FE Scanning Electron Microscope 

was used for this analysis. This advanced equipment offers magnifications up to 

approximately 500,000x. It can form images using secondary and back-scattered 

electrons—the digital image acquisition capability of the microscope, along with the 

coating units for gold and carbon. 

For the impacted specimens, the analysis focused on the regions around the fracture zone. 

Samples were carefully prepared by cutting small sections from the impacted areas and 

mounting them on SEM stubs. These sections were then coated with a thin layer of gold 

to enhance conductivity and improve image quality. The SEM images revealed the nature 

of the fiber breakage, matrix cracking, and fiber pull-out. Detailed observations 

highlighted the extent of damage, including any voids or delamination, which are critical 

in understanding the composite's impact resistance and failure modes. Also, the SEM 

images provided insights into fiber buckling, shear-out, matrix crushing, and the 

interaction between fibers and the matrix. Additionally, the images were used to assess 

the uniformity of fiber distribution and the bonding quality between the fibers and the 

matrix. 

Moreover, complementing SEM, Digital Microscopic Analysis provided a broader 

overview of surface morphology at lower magnifications. This method was mainly 

helpful in identifying larger-scale features such as cracks, delamination, buckling and 

other surface irregularities that SEM might miss due to its higher magnification focus. In 

addition to that, all the experiment coupons were observed under the digital microscope 

to understand the type of failure. 
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CHAPTER 5 RESULTS AND DISCUSSION 

This chapter presents a comprehensive discussion of the results obtained from the tests 

conducted, aiding a better understanding of the performance of the composite panels. 

Moreover, this chapter presented only the average of combined test results; the individual 

specimen test result graph is included in Appendix A.  

Stress-strain curves generated from the tensile tests offer a deep understanding of the 

material's behaviour under tension, compression, shear, flexural and impact loading 

states, allowing us to determine the ultimate strengths, yield strengths, and modulus of 

elasticity. The load-deflection curves resulting from flexural tests yield valuable 

information about the composite's bending behaviour, allowing for the calculation of 

flexural strength and modulus, which, in most practical cases, would better represent the 

expected performance for a given material.  

Furthermore, the impact energy values obtained from the Izod impact tests are also 

evaluated and discussed, shedding light on the composite's resilience to a suddenly 

applied load. Additionally, micromechanical analyses were performed to verify the 

results and provide a deeper understanding of the composite behaviour.  

SEM and Digital Microscopic analyses are also presented, discussing the microstructural 

aspects of the fractured surfaces, which helps to identify the failure mechanisms and 

assess the quality of the fiber-matrix interface. Lastly, a thorough comparison is carried 

out between the mechanical properties of the composite panels manufactured using basalt 

fiber with the two resin systems. 

5.1 FIBER VOLUME AND VOID CONTENT EVALUATION 

The void content of basalt Recyclamine and basalt epoxy composites was evaluated. 

Using the burn-off test, as mentioned in 4.3.1, the weight percentages of the fibers and 

resins were determined. Finally, the void content of the tested composites was 

established. The results are presented in Table 5-1.    
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Table 5-1: Average fiber and resin volume fraction and weight % of the tested composites. 

Material 

Average 

Fiber Weight 

% 

Average Resin 

Weight % 

Average Fiber 

Volume 

Fraction 

Average 

Resin Volume 

Fraction 

Basalt-epoxy 66.2 33.8 52.9 42.7 

Basalt-

Recyclamine 
70.2 29.3 56.0 39.1 

These results were then used to obtain the void content of the basalt composites. All void 

contents fell below 5% of the total volume of the composites, with basalt-Recyclamine 

having a slightly higher void content as shown in Table 5-2. The slightly lower void 

content could be partially due to the lesser viscosity of the Recyclamine system, which 

could have created air pockets due to the speed of the resin travel. The composites are 

manufactured with an approximately 1.2:1 resin-to-fibre weight ratio to account for resin 

loss during all experiments. As seen in the table, basalt fiber occupies most of the volume 

of a composite because it has a higher density than resins. Also, the density of basalt-

Recyclamine is relatively lower than that of basalt-epoxy.  

Table 5-2: Density of basalt and its composites and their void content. 

Material 
Average Density 

(g/ml) 

Theoretical Density 

(g/ml) 

Void 

Content 

(%) 

Basalt fiber - 2.3 - 

Basalt-epoxy 1.6 1.8 4.4 

Basalt-Recyclamine 1.5 1.6 4.9 

5.1.1 Causes of Excessive Void Content and its Influence on Mechanical Properties 

Void contents as low as 1%, or 2.5 to 5 % volume in certain circumstances, are usually 

considered acceptable for structural components [157]. Void content in composite 

laminates plays a critical role in determining their mechanical properties, with a 

significant drop in performance observed when void content exceeds 1-2% [158]. 
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During the resin infusion process, higher flow rates (pressure) often lead to the formation 

of micro-voids in the initial stages as the resin quickly permeates the fiber network, 

trapping small amounts of air in the process, while macro-voids emerge later as the flow 

moves away from the inlet in the latter half of the laminate and the resin flow may not be 

sufficient to displace all the trapped air, especially over longer distance [158,159]. This 

low  pressure could also lead to resin evaporation which has a potential to generate voids 

[138]. Moreover, air bubbles and absorbed moisture can volatilize and expand during 

heating stage or curing, causing the formation of voids. All defects present at resin 

consolidation remain trapped inside laminate [157].  

The presence of voids, particularly in amounts greater than 2%, can severely impact 

mechanical properties such as interlaminar shear strength (ILSS) and short-beam shear 

(SBS) strength and compressive strength. Landro et al. [160] conducted tests on carbon-

epoxy. A notable decrease in interlaminar shear strength is observed as void content 

increases; for example, a void content of 6.6% leads to an estimated reduction in SBS of 

about 25%. This illustrates the sensitivity of interlaminar properties to void presence. 

Tensile strength is a fiber-dominated property which is less affected by voids, with 

laminates containing 4-6% voids exhibiting only a slight reduction in tensile failure load 

by about 4%.  

However, voids are more adversely affected by compressive strength, with a reduction of 

approximately 10% in the load-carrying capacity observed when the void content reaches 

around 4%. This reduction in compressive strength is primarily due to fiber buckling, 

which is more evident under compressive loading conditions, particularly in laminates 

where fiber misalignment is present. This effect is also reported by Harper et al. [161], 

the authors conclude that matrix-dominated moduli E22 and G12 are significantly affected 

by void content, with these properties decreasing as void content increases. In contrast, 

the fiber-dominated properties E11 and ν12 exhibit little dependence on void content. 

Similar phenomenon can also be observed in the compressive test conducted in this 

research (see section 5.3). Thus, while tensile properties are somewhat resilient to voids, 

interlaminar and compressive properties show a significant decrease as void content 

increases.  
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Another study [162] examined how the presence of voids in carbon-epoxy laminates 

affects their mechanical strength. The research involved creating laminates with different 

levels of void content and testing them using methods that measure their ability to resist 

shear forces and bending. The results showed a clear connection between the amount of 

voids and the strength of the material. Specifically, for every 1% increase in void content, 

the interlaminar shear strength decreased by 9.7%, the flexural strength dropped by 

10.3%, and the flexural modulus declined by 5.3%. If the void content increases by 2%, 

the material's strength could decrease by about 20%, and its stiffness could drop by 

around 10%. This shows the significance of striving for lower void content due to its 

impact on composite materials' overall performance.  

5.2 TENSILE TEST RESULTS 

The basalt-Recyclamine composite had a smooth surface, while the basalt-epoxy 

composite had a relatively rougher one, which, again, could be attributed to the low 

viscosity of the Recyclamine, which makes it flow more easily and evenly over the 

surface of the composite material during the manufacturing process. Table 5-3 reports the 

average value of the tensile properties of both composites, and Figure 5-1 and Figure 5-2 

show the stress-strain curves and images of the tested specimens, respectively. 
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Table 5-3: Average tensile strength and modulus of elasticity of the two composite specimens. 

Material Tensile Property 
Avg. 

Value 

Standard 

Deviation 

Coeff. 

Var. 

Basalt - epoxy  Strength (MPa) 464 25.9 5.6 

Strain (mm/mm) 0.024 0.0038 15.7 

Modulus (GPa) 22.0 2.0 8.7 

Basalt – 

Recyclamine 

Strength (MPa) 390.9 30.7 7.9 

Strain (mm/mm) 0.019 0.0037 19.9 

Modulus (GPa) 20.2 0.8 4.1 

 

Figure 5-1: Average tensile stress-strain curve of basalt-epoxy and basalt-Recyclamine specimens. 
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(a)              (b) 

Figure 5-2: Post-failure tensile test specimens (a) basalt-epoxy, (b) basalt-Recyclamine. 

As seen in Figure 5-2, the majority of the failure occurred near the grip, as opposed to the 

middle of the specimen’s gage length, as speculated; this is largely due to stress 

concentration near the grip. However, this failure mode is acceptable according to the 

standard followed.  

The basalt-epoxy composite exhibited an average tensile strength of 464 MPa, whereas 

the basalt-Recyclamine composite showed a lower average tensile strength of 390.9 MPa. 

The basalt-epoxy composite demonstrated an average failure/ultimate strain of 2.4%. In 

contrast, the basalt-Recyclamine composite had a slightly lower average ultimate strain of 

1.9%. The tensile modulus provides insight into the stiffness of the composites. The 

basalt-epoxy composite had an average tensile modulus of 22.0 GPa, whereas the basalt-

Recyclamine composite displayed a slightly lower modulus of 20.2 GPa. This suggests 

that the basalt-epoxy composite is slightly stiffer, which can be beneficial for applications 

needing high rigidity and dimensional stability. Conversely, the somewhat lower modulus 

of the basalt-Recyclamine composite indicates a more flexible or ductile material that can 

better withstand dynamic and impact loads without catastrophic failure. 
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5.3 COMPRESSION TEST RESULTS 

As previously mentioned, the compression tests were conducted following ASTM 

D3410. Each specimen was secured using a combined loading compression (CLC) 

fixture, and five specimens were tested for both composites. 

Table 5-4 reports the value of the compressive characteristics of both the materials and 

Figure 5-3 and Figure 5-4 show the graphs and post-failure images of basalt-epoxy and 

basalt-Recyclamine, respectively. 

Table 5-4: Average compressive strength and modulus of the two composites. 

Material Compressive Property 
Avg. 

Value 

Standard 

Deviation 

Coeff. 

Var. 

Basalt - epoxy Strength (MPa) 233.9 16 6.9 

Strain (mm/mm) 0.011 0.001 8.6 

Modulus (GPa) 24.0 0.6 2.5 

Basalt – 

Recyclamine 

Strength (MPa) 237.7 15.1 6.3 

Strain (mm/mm) 0.039 0.011 29.2 

Modulus (GPa) 27.5 1.5 5.6 

 

Figure 5-3: Average compressive stress-strain curves of basalt-epoxy and basalt-Recyclamine specimens. 
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(a)   (b) 

Figure 5-4: Post-compression failure test specimens (a) basalt-epoxy, (b) basalt-Recyclamine. 

Due to the nature of compression tests and their shorter gauge length compared to tensile 

tests, the compressive loads induced Saint-Venant’s stress, causing a mismatch in strain 

[163], affecting the accuracy of the strain data. The void content in a composite also 

affects its mechanical properties since these voids interfere with the effective transfer of 

load among the fibers and generate microcracks. This effect becomes more prominent in 

compression loading because the interaction of fibers and matrix material plays a more 

pronounced role in bearing the load than tension tests as described in section 5.1.1. These 

behaviours are evident based on the materials' lower compressive strength and modulus 

compared to those evaluated under tensile loading. However, basalt-epoxy specimens 4 

and 5 exhibited non-linear behaviour, where changes in the strain occur as voids collapse 

and the transverse fibers crumple onto each other. The basalt-Recyclamine also indicates 

a higher strain of 3.9%, re-asserting its ductile nature. 

The Recyclamine-based composite showed a higher ultimate compressive strength, with 

an average compressive strength of 237.7 MPa, compared to 233.9 MPa for basalt-epoxy. 

This difference can be explained by the failure modes observed during compression 

loading, resulting in micro-buckling and shear crimping, which were seen in epoxy-based 

composite specimens. However, A relatively more brittle matrix like epoxy helps 

maintain the fiber alignment, leading to a slightly more effective load bearing. On the 
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other hand, Recyclamine, being somewhat more ductile than epoxy, tolerates greater fiber 

deformation and transfers the load among the fiber more effectively due to its better bond 

adhesion to the fibers. The stated hypothesis can be supported by the higher compressive 

modulus of elasticity of 27.5 GPa of the Recyclamine composite, while the basalt-epoxy 

composite exhibited an average compressive modulus of 24 GPa.  

5.4 FLEXURAL TEST RESULTS 

As previously mentioned, the flexural tests were conducted following ASTM D7264 

[143], the standard test method for flexural properties of polymer matrix composite 

materials. This test provided a deeper understanding of the composites under bending 

loads.  

Table 5-5 presents the flexural mechanical properties of both composites, and Figure 5-5  

and Figure 5-6 shows the stress-strain curves post-flexural failure test images of basalt-

epoxy and basalt-Recyclamine, respectively. 

Table 5-5: Average flexural strength and modulus of the composites. 

Material 
Flexural 

Property 
Avg. Value 

Standard 

Deviation 
Coeff. Var. 

Basalt - epoxy Strength (MPa) 441.4 20.8 4.7 

Modulus (GPa) 21.9 0.57 2.6 

Basalt – 

Recyclamine 

Strength (MPa) 372.1 14.8 4.0 

Modulus (GPa) 23 0.7 3.1 
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Figure 5-5: Average flexural stress-strain curves of basalt-epoxy specimens. 

   

(a)    (b) 

Figure 5-6: Post-flexural failure test specimens (a) basalt-epoxy, (b) basalt-Recyclamine. 

As evident from the tabulated values, the basalt-epoxy composite demonstrated an 

average flexural strength of 441.4 MPa, while the basalt-Recyclamine composite showed 

a lower average flexural strength of 372.1 MPa.  

Regarding the flexural modulus, the basalt-epoxy composite had an average value of 21.9 

GPa. Interestingly, the basalt-Recyclamine composite exhibited a higher average flexural 

modulus of 23 GPa. The higher modulus in the basalt-Recyclamine composite means it 

had a stiffer response to bending loads despite its lower flexural strength.  
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5.5 SHEAR TEST RESULTS 

As previously mentioned, the shear tests were performed following ASTM D5379M 

[144], which involves using the V-notched beam method to determine the shear 

properties of composite materials. Table 5-6 reports the shear properties of both 

composites, and Figure 5-7 and Figure 5-8 show the graphs and post-failure images of the 

two composites. 

Table 5-6: Average shear strength and modulus of the composites. 

Material Shear Property Avg. Value 
Standard 

Deviation 
Coeff. Var. 

Basalt - 

epoxy 

Strength (MPa) 42.6 2.5 5.8 

Modulus (GPa) 2.6 0.3 10.5 

Basalt – 

Recyclamine 

Strength (MPa) 52.8 1.8 3.4 

Modulus (GPa) 2.9 0.4 13.0 

 

Figure 5-7: Average shear stress-strain curves of basalt-epoxy specimens. 
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(a)    (b) 

Figure 5-8: Post-failure shear test specimens (a) basalt-epoxy, (b) basalt-Recyclamine. 

Compared to the previously reported mechanical property values, the difference in the 

shear responses of the composites was greater. The basalt-epoxy composite withheld an 

average maximum shear stress of 42.59 MPa, while the basalt-Recyclamine composite 

had a higher average maximum shear stress of 52.78 MPa.  

Regarding the shear modulus, the basalt-epoxy composite displayed an average value of 

2,620 MPa, whereas the basalt-Recyclamine composite exhibited a higher average shear 

modulus of 2,950 MPa. The higher shear modulus in the basalt-Recyclamine composite 

indicates a noticeably stiffer response under pure shear loading load. 

5.6 IZOD IMPACT TEST RESULTS 

The Izod impact tests were conducted following ASTM D256-23, the standard test 

method for determining the impact resistance of plastics and composite materials using 

the Izod pendulum apparatus. This test measures the material's ability to absorb energy 

and resist fracture when subjected to a sudden impact. Table 5-7 reports the results of the 

Izod tests. 
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Table 5-7: Average impact resistance of the test specimens. 

Material 
Avg. Impact Resistance 

(J/m) 

Standard 

Deviation 

Coeff. 

var. 

Basalt – epoxy 1639 73 4 

Basalt – Recyclamine 1595 51 3 

As seen in the table, the basalt-epoxy has a greater resistivity to impact with average 

impact resistance of 1639 J/m, whereas Recyclamine has an average of 1595 J/m. The 

difference is attributed to the fact that both resin systems have good toughness and energy 

absorption capabilities under sudden impact loading. The slight reduction in average 

impact resistance compared to basalt-epoxy could be due to the Recyclamine's ability to 

deform more under impact, leading to a gradual absorption of energy rather than a sharp 

fracture. However, basalt-epoxy has a little more brittle failure as seen in Figure 5-9(a) 

since the specimens have lesser fiber pull out, therefore, require higher initial energy for 

breaking [164].  

  

(a)            (b) 

Figure 5-9: Post-impact test specimens (a) basalt-epoxy, (b) basalt-Recyclamine. 
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5.7 MICROMECHANICS ANALYSES 

A few micromechanical approaches, as outlined in the literature review, were used to 

verify and compare the results. The micromechanical approaches used in this research are 

the Rule of Mixtures (RoM), Halpin-Tsai models, the equation based on the theory of 

elasticity, Hahn’s model and the Back-Out Factor (BoF) to determine the tensile and 

compressive moduli and strengths, respectively (see section 4.3.7). 

For basalt-epoxy, the longitudinal elastic modulus (E1) calculated using RoM was found 

to be 43.8 GPa, and the transverse elastic modulus (E2) computed using the Halpin-Tsai 

model was 11.9 GPa. These values match closely to the reported values in the literature 

for other basalt-epoxy systems [113], where the longitudinal and transverse elastic 

moduli have been reported as 44.3 ± 2.3 GPa and 11.9 ± 1.2 GPa, respectively. 

The tensile strength (σ1, tens.) calculated using the BoF approach is 703.1 MPa, while 

using the RoM and simplified Classic Lamination Plate Theory (CLPT) approaches 

yielded a higher value of 1002.2 MPa. The Military Handbook alternative approach 

provided a tensile strength of 923.8 MPa, with the theoretical models generally predicting 

conservative strengths than those observed experimentally (1310 ± 34 MPa).  

It is worth noting that it is a well-accepted fact that the theoretical models produce 

reasonably accurate results for predicting the elastic modulus of composites of aerospace-

grade composites. In contrast, they fall short of producing accurate results for predicting 

the strength of composites. It should be noted that a majority of these models were 

developed mainly commissioned by the aerospace industry.  

Additionally, their integrities were verified through experimental results obtained using 

aerospace-grade (autoclaved) composites. Such composites are mainly fabricated using 

prepreg, where fibers are uniformly distributed and precisely aligned, with minimal voids 

in their host matrices due to the application of continuous uniform pressure and vacuum 

used by Plappert et al. [113]. They used BFRP prepregs in that investigation, and the 

panels were fabricated using an autoclave (i.e., resin cured at high temperature, under 

vacuum and highly consolidated conditions). Therefore, due to precise fiber alignment 
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and lack of any voids and optimal consolation condition, the panel generated produces 

optimal mechanical properties compared to the panels fabricated by resin infusion 

technique, using dry fabric and a room-cured resin. However, the fibers in hand-laid 

composites are not as uniformly and precisely distributed in the matrix. Moreover, 

minimizing void content would be impossible in such a fabrication method. These factors 

cause predictions with lower accuracies in comparison to the aerospace-grade 

composites. 

The compressive properties of the basalt-epoxy composite were also evaluated using the 

RoM, BoF, and CLPT methods. The compressive strength (σ1, Compress.) calculated using 

BoF was 354.2 MPa, while the RoM and CLPT - Simplified method provided a higher 

value of 504.9 MPa. The Military Handbook alternative approach yielded a compressive 

strength of 427.1 MPa. Plappert et al. [113] reported an experimentally evaluated 

compressive strength of 776 ± 25 MPa. These values indicate a difference between the 

theoretical and experimental values, suggesting that the calculated methods may 

underestimate the compressive performance; hence, they are safe to use for the 

preliminary prediction of material properties. 

Moreover, additional compressive experiments were performed on basalt-epoxy 

composite. Coupons were fabricated with unidirectional fibers to further probe the results 

obtained through theoretical models and literature review. The experimentally evaluated 

compressive modulus was found to be 39.1 GPa, which closely aligns with the calculated 

values and those reported in the literature. However, the compressive strength was 

observed to be 215.2 MPa, significantly lower than anticipated. This discrepancy is 

believed to be due to several factors. Due to the unavailability of uniaxial basalt fabric, 

the transverse fibers of the cross-ply fabric were painstakingly removed to generate the 

uniaxial test specimens, which were constructed using 18 plies.  

Naturally, the fibers in the resulting uniaxial fabric were not uniformly distributed due to 

the fact that the stitched threads holding the cross-ply fabric had to be removed. This 

process left a fabric that was partially disturbed despite our uttermost effort. In addition, 

the resulting uniaxial fabric was somewhat wavy due to the removal of the transverse 
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fibers. These factors resulted in specimens with a lower fiber volume fraction, imprecise 

fiber alignment and nonuniform fiber distribution. In addition, the numerous fabric 

titches had to be removed by burning them with a butane torch. The flame could also 

have affected the fibre sizing, reducing the fiber/matrix interfacial strength and thereby 

affecting the composite's strength.  

The author deduces that the method used by Halpin-Tsai overestimates the shear modulus 

by more than 300 %, resulting in a value of 9.3 GPa for the in-plane shear, whereas 

Hahn’s model somewhat overestimates the modulus, yielding a value of 3.9 GPa. It 

should be noted that all the models noted in this thesis have been tested against 

aerospace-grade composites. The Hahn’s model value is very close to the experimentally 

obtained value of 3.73 ± 0.29 GPa reported by Plappert et al. [113]. As stated earlier, they 

used prepreg and autoclave processing technique, producing highly consolidated and 

consistent composite. On the other hand, the shear modulus value of 2.2 GPa, obtained 

using the model derived based on the theory of elasticity, better agrees with our 

experimentally obtained value of 2.6 GPa (see section 5.5).  

Table 5-8 compares the analytically calculated and experimentally evaluated values for 

the basalt-epoxy. Figure 5-10 and Figure 5-11 show the visual plots of the unidirectional 

compression tests and the post-failure images of the coupons, respectively. 

Table 5-8: Comparison of basalt-epoxy composite's experimental and analytically calculated tensile and compressive 

properties. 

Back-Out Factor (BoF) =  1.5     

Type 
Elastic Moduli 

(E1) 
Strength (σ) 

Shear 

Modulus (G) 

Tensile 

E1, Calc. - 

RoM 

(GPa) 

E2, Calc. - 

H-Tsai 

(GPa) 

-  

σ1, Calc. - 

BoF  

(MPa) 

σ1, Calc. - Simplified 

RoM and CLPT 

(MPa) 

σ1, Calc. - 

Mil Alter.  

(MPa) 

G12, Calc, Elastic 

Soln.n 

(GPa) 

43.8 11.9 - 703.1 1002.2 923.9 2.2 

Compre

ssive 

E1, Exp. 

(GPa) 

E1, Calc. 

– BoF 

(GPa) 

σ1, Exp. 

(MPa) 

σ1, Calc. - 

BoF  

(MPa) 

σ1, Calc. - Simplified 

RoM and CLPT 

(MPa) 

σ1, Calc. - 

Mil Alter. 

(MPa) 

G12, Experimental 

(GPa) 

39.1 43.2 174.8 354.5 504.9 427.1 2.6 



100 

 

 

Figure 5-10: Avg. compressive stress-strain curve of unidirectional basalt-epoxy composite. 

 

Figure 5-11: Post-compression failure images of the unidirectional basalt-epoxy composite specimens. 

A similar analysis was conducted for basalt-Recyclamine. The longitudinal elastic 

modulus (E1) calculated using the Rule of Mixtures (RoM) was 41.4 GPa. The transverse 

elastic modulus (E2) computed using the Halpin-Tsai model was 12.2 GPa. The tensile 

strength calculated using the Back-out Factor (BoF) was 575.3 MPa. Additionally, using 

the Simplified RoM and Classic Lamination Plate Theory (CLPT), the tensile strength 

was calculated to be 813.1 MPa, and the Military Alternative Approach yielded a value of 
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798.7 MPa. These theoretical models predict conservative tensile strengths compared to 

the experimental results of epoxy-based basalt fiber. 

The compressive properties of the basalt-Recyclamine composite were also evaluated 

through experimental and theoretical approaches. The compressive modulus calculated 

using the BoF method was 48.3 GPa, slightly higher than the experimental values 

reported by Plappert et al. [113]. The compressive strength calculated using the BoF was 

349.8 MPa, while the Simplified RoM and CLPT methods provided a value of 494.5 

MPa. The Military Alternative Approach yielded a compressive strength of 357.4 MPa. 

Similar to the tensile properties, the calculated compressive strengths are generally lower 

than the experimental values. Lastly the analysis of shear modulus was similar to that of 

basalt-epoxy and was found to be 2.4 GPa using the elastic solution and the experimental 

result is 2.6 GPa. Table 5-9 shows a summary of the basalt-Recyclamine analytical and 

experimental values for ease of comparison. 

Table 5-9: Comparison of the experimental and analytically calculated tensile and compressive properties of basalt-

Recyclamine composite. 

Back-Out Factor (BoF) =  1.5  

Type Elastic Moduli (E) Strength (σ) 
Shear 

Modulus (G) 

Tensile 

E1, Calc. - 

RoM 

(GPa) 

E2, Calc., - 

H-Tsai 

(GPa) 

σ1, Calc. - 

BoF  

(MPa) 

σ1, Calc. - Simplified 

RoM and CLPT 

(MPa) 

σ1, Calc. - 

Mil Alter.  

(MPa) 

G12, Calc, Elastic 

Soln.n 

(GPa) 

41.4 12.2 575.3 813.1 798.7 2.4 

Compressive 

E1, Calc. - 

BoF 

(GPa) 

- 

σ1, Calc. - 

BoF  

(MPa) 

σ1, Calc. - Simplified 

RoM and CLPT 

(MPa) 

σ1, Calc. - 

Mil Alter. 

(MPa) 

G12, Experimental 

(GPa) 

48.3 - 349.8 494.5 357.4 2.6 

The experimental and analytical values validated the applicability of the back-out factor 

approach and its simplification using micromechanics; these two yielded good results in 

finding the modulus and strength of the composites, giving conservative values in both 

cases. 
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5.8 SEM AND DIGITAL MICROSCOPE ANALYSIS 

The resin system's SEM was analyzed in terms of their resin matrices and fiber 

reinforcement to understand the fiber–resin interaction. Figure 5-12 and Figure 5-13 

show the images generated by the SEM of impacted specimens of both epoxy and 

Recyclamine composites, respectively, with a magnification of 65 times.   

 

Figure 5-12: SEM image of fractured basalt-epoxy specimen (×65). 

 

Figure 5-13: SEM image of fractured basalt-Recyclamine specimen (×65). 
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The SEM images reveal important details about the microstructures of basalt-epoxy and 

basalt-Recyclamine composites. The good interfacial adhesion between the fibers and 

resin is evident in both specimens, facilitating effective load transfer. However, there are 

a noticeable number of voids in the specimen, which can act as stress concentrators and 

potentially lead to cracks. The image also shows fiber pull-out, where fibers are extracted 

from the matrix under stress, a common failure mode in composites. 

A similar trend is also seen in basalt-Recyclamine specimens. The voids indicate areas 

where the resin did not fully penetrate, weakening the composite structure. Additionally, 

the presence of resin chunks suggests incomplete resin flow or curing during fabrication. 

The basalt-epoxy composite shows somewhat better interfacial adhesion but suffers from 

voids and fiber pull-out. In contrast, the basalt-Recyclamine composite has issues with 

voids, fiber misalignment, and resin chunks. These defects can significantly impact the 

mechanical properties of the composites.  

Figure 5-14 illustrates the microscopic images of the failure mechanisms of the two 

composites under various loading states. As shown in Figure 5-14(a), the prominent 

failure mode is by fiber breakage in the two composites under a tensile loading state. 

Additionally, fiber pull-out is visible in both composites but is more prominent in the 

basalt-Recyclamine specimen, indicating that fiber-matrix debonding was a factor for the 

Recyclamine composite. 

Under compressive loading, the basalt-epoxy composite shows micro-buckling and less 

fiber pull-out, indicating a stronger fiber-matrix bond but leading to a more brittle failure 

as evident in Figure 5-14(b). In contrast, the basalt-Recyclamine composite exhibits fiber 

pull-out, suggesting a weaker fiber-matrix bond but allowing for a more ductile failure 

with greater energy absorption. Moreover, the basalt-epoxy showed an interesting surface 

morphology. The analysis reveals fiber buckling at the skin, fiber shearing, delamination 

in the mid-plane, and fiber crushing/pull-out near the surface. These failures indicate 

localized compressive stress, matrix-fiber interface failure, and continued load-bearing by 

some fibers. 
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As seen in Figure 5-14(c), under bending, the basalt-epoxy composite displayed failure in 

the bottom surface, which was subjected to compressive stress, including delamination 

and matrix cracking. Likewise, the basalt-Recyclamine composite also shows 

compression failure with delamination and matrix cracking and ultimately fails on the 

compression side, accompanied by fiber shearing. 

Figure 5-14(d) shows the failure modes under pure shear. Matrix shear cracking, 

delamination, and fiber breakage is evident in the basalt-epoxy specimen. In contrast, in 

the basalt-Recyclamine composite, fiber pull-out mode replaces fiber breakage mode 

seen in its counterpart, suggesting a weak fiber-matrix bond and greater energy 

absorption before failure. 

  

(a) (b) 

 

  

(c) (d) 

 

(e) 

Figure 5-14: Microscopic images failure modes of basalt-epoxy (left) and basalt-Recyclamine (right) subjected to (a) 

tensile, (b) compression, (c) flexural, (d) shear, and (e) impact. 
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The failure mode under impact loading in basalt-epoxy composite was a combination of 

fiber breakage, matrix cracking, and some delamination, indicating a strong but brittle 

failure (see Figure 5-14(e)). In contrast, the basalt-Recyclamine composite exhibits fiber 

pull-out, matrix cracking, and delamination, suggesting a weaker bond but greater energy 

absorption and a more ductile failure mode. 

5.9 APPLICABILITY OF BASALT-RECYCLAMINE COMPOSITES IN AUTOMOTIVE 

INDUSTRY 

Basalt-Recyclamine presents significant potential for industrial applications, especially 

within the automotive industry. For instance, Basfiber is a leading company in the 

production of basalt composites in various industrial applications. It claims that basalt has 

substantial advantages over traditional glass fibers, such as 20-25% higher tensile 

strength, 10-15% higher tensile modulus, and a 150°C higher melting point. Additionally, 

basalt fibers exhibit superior resistance to acids, corrosion, and alkalis, far exceeding the 

performance of glass fibers and offering a significant advantage over metals typically 

used in automotive applications. This corrosion resistance also eliminates the need for 

additional protective coatings or treatments reducing costs in the life cycle of composites 

[165]. 

In the automotive industry, basalt fiber composites are increasingly used to manufacture 

many car parts. These include external components such as bumpers, underbodies, hoods, 

fairings, spoilers, and interior elements like decorative panels and body protection parts. 

Basalt fibers are also used in thermal and sound insulation materials for vehicle interiors, 

engines, and exhaust silencers, improving passenger comfort and vehicle performance. 

Moreover, basalt fiber composites are employed in special applications like brake pads, 

friction discs, engine gaskets, and exhaust catalysts, where their high strength, thermal 

stability, and wear resistance provide significant benefits [166].  

Several automotive components currently made from traditional materials could 

potentially be replaced with basalt-Recyclamine composites. These include body parts, 

engine gaskets, brake pads, friction discs, and exhaust catalysts. The manufacturing 

methods suitable for these replacements include vacuum molding for large structural 
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components, injection molding for precision parts, filament winding for cylinders for 

automotive use and wet lay-up for custom shapes and designs. The integration of 

Recyclamine® technology allows these components to maintain high performance 

standards while offering the added benefit of recyclability, contributing to a more 

sustainable and environmentally friendly automotive industry [167]. 

The manufacturing of basalt fiber-based automotive parts involves several advanced 

techniques. For example, BCF (Basalt Continuous Fiber) chopped strand mats and basalt 

fabrics impregnated with binders are used in vacuum molding to mass-produce complex-

shaped composite parts such as bumpers and car bodies. This method, along with others 

such as injection molding, cold stamping, spraying, drawing and hand lay-up processes, 

allows for the efficient production of durable, high-performance components [168]. The 

incorporation of Recyclamine® technology in these processes can significantly enhance 

the performance of the composites and ensure that the final products are fully recyclable, 

aligning with the automotive industry's increasing focus on sustainability and 

environmental responsibility. Figure 5-15 showcases a car in Germany Engineering 

Bureau entirely made of entirely basalt fiber composite to show the potential of basalt 

fiber in the automotive industry.  

 

Figure 5-15: Car body entirely made of basalt-composite fiber [167].   

5.10 COST ANALYSIS 

The cost analysis comparing basalt fiber and E-glass shows the potential for basalt to be 

more widely adopted as a reinforcement material in structural composites. Basalt fibers 
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are recognized for their performance, such as high tensile strength, good thermal stability, 

enhanced chemical resistance and offer significant advantages over E-glass. Although the 

manufacturing process for basalt fibers is generally more efficient, requiring less energy 

and no secondary additives, the prime cost to manufacture E-glass is 1.0-1.4 USD/kg and 

basalt is 0.8-1.2 USD/kg [167]. The commercial price of basalt fibers remains slightly 

higher due to current production scales and market dynamics where the cost of E-glass is 

1.2-2.0 USD/kg and basalt is 2-3 USD/kg. The commercial price of E-glass makes their 

composites the most cost-effective option currently available. When combined with 

epoxy resin, which typically costs around $49.35 USD per kilogram, the overall cost for 

basalt epoxy composites is higher than E-glass composites but justified by basalt's 

superior mechanical properties and resistance to high temperatures and corrosive 

environments where these performance attributes are critical. As production scales up and 

becomes more efficient, the cost of basalt composites is expected to decrease, potentially 

making them competitive with E-glass in more markets [169]. 

The introduction of Recyclamine enables full recyclability of composites. The exact price 

of Recyclamine resin is not specified, but it is expected to be similar to or slightly higher 

than the epoxy used in basalt composites. However, long-term savings and environmental 

benefits offset this increase, such as reduced disposal costs and material recovery at the 

end of the product’s lifecycle. The cost of basalt-Recyclamine composites is expected to 

be similar to or slightly higher than traditional basalt epoxy composites, but the 

sustainable advantages make it a compelling choice for industries focusing on reducing 

environmental impact and meeting sustainable development goals (SDG). 

Moreover, the cost of basalt fiber composites will likely decrease as larger production 

facilities are established, and new manufacturing techniques are adopted [170]. These 

advancements could make basalt composites more cost-competitive with E-glass, 

particularly when considering their superior performance and sustainability. The 

convergence in manufacturing costs between basalt and E-glass suggests that basalt fiber 

could soon become a potential alternative for a broader range of applications, especially 

in industries that prioritize durability, performance, and environmental responsibility. 
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS 

FOR FUTURE RESEARCH 

Numerous research studies have established that basalt-epoxy-based composite performs 

similarly or even better than E-glass-epoxy [99,113,113,171–173]. However, the recent 

advancement in resin chemistry has created fully recyclable epoxy resins. One such resin 

is Recyclamine. To the author's knowledge, no investigation has been conducted to 

characterize the performance of basalt, a mineral-based fiber with abundant base 

resources embedded in Recyclamine. Therefore, the main goal of this research was to 

characterize the mechanical performance of basalt-reinforced Recyclamine and compare 

its performance against the widely used E-glass epoxy, which is also considered the most 

cost-effective composite. The research focused on characterizing the composites' tensile, 

compression, flexural, shear and impact properties. This study aimed to enhance the 

limited mechanical response database available for Recyclamine-based composites with 

basalt fiber reinforcements. As stated, basalt is an eco-friendly fiber that, when combined 

with Recyclamine, a recyclable thermoset resin, offers a cost-effective and 

environmentally friendly composite material with excellent mechanical properties 

suitable for structural applications. The composites were fabricated using (Vacuum 

Assisted Resin Infusion Moulding (VARIM) and according to ASTM standards. 

Additionally, various micromechanical approaches were incorporated to determine their 

applicability in predicting the basic mechanical properties of such composites. 

6.1 CONCLUSIONS 

The following conclusions are drawn based on the results obtained in the investigation: 

• Tensile Properties: Basalt-epoxy composites exhibited a higher average maximum 

tensile stress of 464 MPa compared to 390.9 MPa for basalt-Recyclamine composites. 

The higher tensile strength of the basalt-epoxy composite can be attributed to the 

rigidity of the epoxy matrix, which provides higher stiffness and better load-bearing 

capacity. However, the ductile nature of the Recyclamine matrix in basalt-
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Recyclamine composites allows for better energy absorption and distribution under 

stress, contributing to a different mechanical performance profile. 

• Compression Properties: Basalt-Recyclamine composites demonstrated superior 

performance in compression tests, with an average maximum compressive stress of 

237.7 MPa and a compressive modulus of 27.5 GPa. This improved performance is 

due to the ductile nature of the Recyclamine matrix, which enhances load distribution 

and energy absorption, preventing premature failure. Basalt-epoxy composites had an 

average maximum compressive stress of 233.9 MPa and a compressive modulus of 

24.0 GPa. The rigidity of the epoxy matrix aids in maintaining fiber alignment under 

compressive loads, but its brittle nature can lead to less effective energy absorption 

than the Recyclamine matrix. 

• Flexural Properties: Basalt-epoxy composites showed higher flexural strength, with 

an average maximum flexural stress of 441.4 MPa and a flexural modulus of 21.9 

GPa. The stiffness of the epoxy matrix supports the fibers effectively under bending 

loads. Basalt-Recyclamine composites, while exhibiting a lower average maximum 

flexural stress of 372.1 MPa, demonstrated a higher flexural modulus of 23.4 GPa due 

to the Recyclamine matrix's ductile nature, allowing for more uniform stress 

distribution. 

• Shear Properties: Basalt-Recyclamine composites outperformed basalt-epoxy 

composites regarding shear strength and modulus, with an average maximum shear 

stress of 52.78 MPa and a shear modulus of 2.9 GPa. The superior interfacial bonding 

and ductility of the Recyclamine matrix contribute to better load transfer and 

resistance to shear forces. Basalt-epoxy composites exhibited an average maximum 

shear stress of 42.59 MPa and a shear modulus of 2.6 GPa. 

• Impact Resistance: While basalt-epoxy composites showed a slightly higher average 

impact resistance of 1,639 J/m compared to 1,595 J/m for basalt-Recyclamine 

composites, the latter demonstrated more consistent performance under impact 

conditions. The ductile nature of Recyclamine aids in absorbing and distributing 

impact energy more uniformly, reducing the likelihood of catastrophic failure. 

• Micromechanics Analyses: The micromechanics analysis of basalt-epoxy and basalt-

Recyclamine composites utilized approaches like the Rule of Mixtures (RoM), 
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Halpin-Tsai models, and the Back-Out Factor (BoF) to verify the tensile and 

compressive moduli and strengths. The longitudinal and transverse elastic moduli for 

basalt-epoxy matched literature values, with calculated moduli of 43.8 GPa (E1) and 

11.9 MPa (E2). Tensile strengths varied in different approaches. Compressive 

strengths were similarly calculated and validated. For basalt-Recyclamine, RoM 

calculated a longitudinal modulus of 41.4 GPa and a transverse modulus of 12.2 MPa. 

Tensile and compressive strengths were also calculated and compared.  

• SEM Analysis: The SEM analysis provided insights into the microstructural 

characteristics of the composites. Basalt-epoxy showed good interfacial adhesion but 

had voids and fiber pull-out issues. In contrast, basalt-Recyclamine exhibited micro-

voids, fiber strand misalignment, and resin chunks, which could impact mechanical 

performance. These microstructural differences explain the variations in mechanical 

properties observed during testing. The digital microscope analyses provided detailed 

insights into the microstructural behaviour of the composites. The analyses revealed 

that basalt-epoxy composites exhibited a more uniform fiber distribution with fewer 

voids, contributing to their higher tensile strength. In contrast, the basalt-Recyclamine 

composites displayed better fibre-matrix adhesion and less micro-cracking, which 

enhances their compressive strength and ductility. Digital microscope images also 

showed that the basalt-Recyclamine composites had smoother fracture surfaces, 

indicating better energy absorption and distribution capabilities. 

6.2 FUTURE RECOMMENDATIONS 

Using basalt fibers with Recyclamine resin shows great promise for creating sustainable, 

high-performance and cost-effective composites; however, more research is needed to 

realize their potential fully. One key area is environmental testing. Future studies should 

evaluate how these composites perform under extreme temperatures and varying 

humidity levels, which is crucial for aerospace, automotive, and marine applications. 

Additionally, the combined effects of moisture and temperature on the mechanical 

properties of Recyclamine composites need to be studied, including evaluating their 

performance under fluctuating environmental conditions.  



111 

 

Long-term durability is another important focus. Research should investigate the aging 

and degradation of basalt-Recyclamine composites, especially their resistance to 

ultraviolet radiation and environmental wear. Additionally, it is believed that only three 

studies have considered the incorporation of recycled Recyclamine resin. More studies 

are needed to understand how multiple recycling processes affect the material's properties 

and performance. 

Exploring different fiber orientations and stacking sequences can optimize the composite 

design for specific applications. While this study used a [0/90] stacking sequence, future 

research should look into other configurations like quasi-isotropic layups. This could 

improve performance in shear and impact tests, offering better-tailored solutions for 

various engineering challenges. 

Fatigue testing is crucial to understand how these composites perform under cyclic 

loading conditions. This is particularly relevant for transportation and infrastructure 

applications where materials are continually stressed. Research should focus on the 

fracture and fatigue behaviour of basalt-Recyclamine composites to design more durable 

and reliable materials. 

In addition to the abovementioned recommendation, further research into the composites’ 

joints is essential. Bolted joints are important in engineering applications due to their 

load-bearing capacity and ease of assembly. Studies on carbon/basalt hybrid composites 

have shown that incorporating basalt layers can enhance mechanical performance and 

cost efficiency in bolted joints [174]. Similarly, investigating the performance of basalt-

Recyclamine composites under bolted conditions could provide valuable insights into 

their structural applications, ensuring they meet the demands of industries requiring 

durable and reliable mechanical connections. 

By addressing these areas, future research can unlock the full potential of basalt-

Recyclamine composites, enhancing their applicability in diverse industries.
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APPENDIX A SUMMARY OF TEST DATA 

TENSILE TEST RESULTS  

 

Figure A- 1: Tensile stress-strain curve of basalt-epoxy specimens. 

 

Figure A- 2: Tensile stress-strain curve of basalt-Recyclamine specimens. 
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COMPRESSION TEST RESULTS  

 

Figure A- 3: Compressive stress-strain curve of basalt-epoxy specimens. 

 

Figure A- 4: Compressive stress-strain curve of basalt-Recyclamine specimens. 
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FLEXURAL TEST RESULTS  

 

Figure A- 5: Flexural stress-strain curve of basalt-epoxy specimens. 

 

Figure A- 6: Flexural stress-strain curve of basalt-Recyclamine specimens. 
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SHEAR TEST RESULTS  

 

Figure A- 7: Shear stress-strain curve of basalt-epoxy specimens. 

 

Figure A- 8: Shear stress-strain curve of basalt-Recyclamine specimens. 
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UNIDIRECTIONAL COMPRESSION TEST RESULTS  

 

Figure A- 9: Compressive stress-strain curve of unidirectional basalt-epoxy specimens. 
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