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Abstract: Basalt-fibers (BFs), derived from natural basalt rock, are emerging as a cost-effective, 

mid-performance reinforcement material for fiber-reinforced polymer composites (FRPs), offering 

a balance between glass fibers (GFs) and carbon fibers (CFs). Compared to GFs, BFs demonstrate 

superior mechanical properties, thermal stability, and chemical resistance, enabling reliable 

performance in harsh environments. While not matching the specific stiffness and strength of CFs, 

BFs composites show enhanced tensile, flexural, impact, and damping properties over GFs 

composites, with durability approaching that of aramid fibers (AFs). Performance can be further 

improved through fiber surface treatments and hybridization. Economically and environmentally, 

the production of BFs benefits from abundant raw materials and lower energy requirements, 

resulting in a reduced environmental footprint. These attributes make BFRPs well-suited for 

structural applications in civil infrastructure, marine, automotive, and fire-resistant systems. 
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INTRODUCTION 

The global pursuit of sustainable, lightweight, and high-performance materials has greatly sped 

up the development of advanced fiber-reinforced composites (FRCs). These materials, made 

up of high-strength fibers embedded in polymeric, metallic, or ceramic matrices, provide 

superior specific strength and stiffness, design flexibility, and resistance to tough service 

environments [1]. As a result, FRCs are increasingly used in aerospace, automotive, civil 

infrastructure, marine, and renewable energy sectors, where they improve structural efficiency 

and lower environmental impact [2]. Usually, glass fibers (GFs) and carbon fibers (CFs) have 

dominated the composite market because of their well-established processing methods, high 

availability, and known performance. GFs are popular due to their low cost and balanced 

mechanical properties; however, they show limited stiffness, reduced thermal stability, and 
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vulnerability to chemical degradation in harsh environments [3, 4]. On the other hand, CFs 

offer excellent tensile strength, stiffness, and fatigue resistance, but their wider adoption is 

limited by high manufacturing costs, energy-intensive production, and recyclability issues [5, 

6]. Aramid fibers (AFs) constitute an important class of high-performance reinforcements 

distinguished by their exceptional toughness, impact resistance, and energy absorption 

capabilities. Despite these advantages, their broader utilization is constrained by inherent 

drawbacks, including relatively low compressive strength, pronounced susceptibility to 

ultraviolet (UV) degradation, and elevated production costs compared to other synthetic fibers 

[7]. 

In response to these constraints, basalt fiber (BFs) has emerged as a comparatively recent 

addition to the spectrum of structural reinforcements, attracting significant scientific and 

industrial interest for its advantageous combination of mechanical efficiency, thermal stability, 

chemical resistance, and sustainability [8, 9]. BFs produced by the direct melt-extrusion of 

naturally occurring basalt rock at ~1450-1500 °C, BFs offer a simplified, additive-free 

manufacturing process that circumvents many of the chemical treatments, precursor 

preparation, and energy-intensive steps associated with GFs and CFs production [10]. From a 

performance perspective, BFs occupy a transitional position between glass GFs and CFs. They 

exhibit superior tensile strength, elastic modulus, and chemical resistance compared with GFs, 

as well as markedly improved thermal and moisture stability. Although they do not achieve the 

extreme stiffness and strength characteristic of high-grade CFs, their favourable performance-

to-cost ratio, combined with environmental compatibility and large-scale availability, 

establishes BFs as attractive reinforcements for mid to high-performance structural 

applications [11, 12]. In addition, their exceptional durability in alkaline, saline, and elevated-

temperature environments enables deployment in demanding service conditions such as marine 

infrastructure, offshore platforms, and concrete reinforcement, where GFs are particularly 

vulnerable to rapid degradation [13]. 

In recent years, FRCs have gained recognition as next-generation structural materials, 

distinguished by their tailored mechanical properties, superior thermal stability, and 

outstanding environmental durability [14]. Hybridization of BFs, GFs, CFs, AFs, or natural 

fibers with polymeric materials has emerged as an effective approach to tailor stiffness, 

toughness, impact performance, and fatigue resistance while optimizing material costs. For 

instance, BF-GF hybrids improve thermal and chemical stability at minimal cost increments. 

BF-CF hybrids reduce the economic barrier to carbon-intensive applications while enhancing 

stiffness. BF-AFs hybrids integrate toughness with improved compressive and thermal 

resistance [15-18]. The incorporation of BF into natural-fiber composites also contributes to 

eco-friendly solutions with enhanced mechanical reliability. Beyond mechanical performance, 

BF offers functional advantages such as fire resistance, acoustic damping, and thermal 

insulation, thereby broadening its multifunctional utility. Advances in surface modification and 

interfacial engineering, including plasma treatments, silane coupling agents, and nanoparticle 

grafting, continue to improve the fiber-matrix bonding of BFRCs, thereby enhancing their 

overall structural efficiency [19-21]. 

In this context, a systematic comparison of BFs with other reinforcing fibers, as well as an 

evaluation of their role in hybrid composite architectures, is critical. Understanding the 

interrelationship between processing, microstructure, and performance will accelerate the 

translation of basalt-based composites from laboratory research to industrial adoption. This 

chapter consolidates the current state-of-the-art on BFs and their composites, with emphasis on 
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material processing, mechanical and thermo-chemical behaviour, hybridization strategies, 

durability, environmental impact, and economic feasibility. The discussion highlights both 

opportunities and challenges, offering insights into how BFs can contribute to the next 

generation of sustainable, lightweight, and high-performance structural materials. 

RAW MATERIAL AND MANUFACTURING OF REINFORCED FIBER 

MATERIALS 

Glass fiber (GFs) 

GFs are high-performance reinforcement materials produced by melting and extruding 

precisely formulated glass compositions. The raw materials for GFs typically include  silica 

(SiO₂) as the primary component, combined with controlled amounts of alumina (Al₂O₃), 

calcium oxide (CaO), boron oxide (B₂O₃), magnesium oxide (MgO), and various other 

modifiers and stabilizers depending on the desired fiber properties [22]. These raw materials, 

in proper ingredients, are melted at high temperatures (~1400–1600 °C), forming a 

homogeneous molten glass that is subsequently extruded through fine bushings to produce 

continuous filaments with diameters typically ranging from 5 to 25 µm. This process is 

executed with stringent process controls, including precise temperature regulation, viscosity 

management, and environmental isolation, ensuring uniform fiber diameter and consistent 

mechanical and chemical properties [23, 24]. 

Among the various GF types, E-glass (electrical-grade glass) is the most commonly used due 

to its low cost, good electrical insulation characteristics, moderate mechanical properties, and 

compatibility with a wide range of matrix systems. E-glass typically contains around 50-60% 

of silica ( SiO₂), 12-16% alumina (Al₂O₃), and moderate amounts of CaO and B₂O₃, the latter 

of which enhances melt fluidity and fiber-forming behaviour [25]. In contrast, S-glass 

(structural glass)-originally developed for military and aerospace applications-offers 

significantly higher tensile strength, elastic modulus, and temperature resistance, attributed to 

its higher alumina and silica content and the near elimination of boron oxides. However, these 

enhancements come at a higher production cost due to more demanding raw material purity, 

increased melting temperatures, and tighter compositional tolerances required to achieve the 

desired structural performance [23, 26]. 

The process for the manufacturing of GFs is highly mature and extensively optimised, enabling 

reproducible large-scale production with minimal sample-to-sample variability. Real-time 

viscosity monitoring, online filament-diameter control, and automated bushing improved the 

quality and throughput of the GFs [27]. The GFs represent a well-established class of 

reinforcement materials due to their tailored high process reliability and cost-effective 

properties, particularly for E-glass. In contrast to E-glass, S-glass offers superior mechanical 

performance for high-end structural applications, while higher production costs limit its 

application to specialized industries [26, 28].  

Carbon fibers (CFs) 

CFs are advanced state-of-the-art materials with a micro-graphite crystal structure known for 

their light weight, high tensile strength, and chemical resistance, enabling their extensive use 

in aeronautical and aerospace, healthcare, and defense applications. CFs' reinforcement 

materials are manufactured through a multi-stage thermal conversion process in which organic 

precursors, such as polyacrylonitrile (PAN), mesophase pitch, or regenerated cellulose, are 

progressively stabilized, carbonized, and in some cases graphitized [29]. During this 
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manufacturing process, the molecular structure of the precursor is transformed into highly 

oriented, carbon-rich filaments with exceptional mechanical and thermal properties.   Each step 

is critical for controlling the fiber’s microstructure and performance characteristics. During the 

stabilization process, the linear PAN chains undergo cyclization and oxidation, transforming 

into a thermally stable structure. Subsequently, the carbonization process, which removes non-

carbon elements such as hydrogen, nitrogen, and oxygen, results in a CFs structure. Finally, 

the graphitization process aligns the graphene-like layers into more ordered structures, 

dramatically increasing modulus and thermal conductivity. The resulting CFs exhibit 

exceptional tensile strength, chemical resistance, and stiffness, depending on the types of 

precursors and processing conditions [30]. PAN-based CFs dominate commercial markets due 

to their balance of strength, processability, and cost, while pitch-based fibers can achieve ultra-

high modulus and high thermal/electrical conductivity [29].   

However, the complexity and higher energy intensity involved in manufacturing CFs, 

particularly the long residence times in inert atmospheres, precise temperature control, and 

equipment for handling corrosive and high-temperature environments, make it significantly 

more expensive in comparison to GFs production. Additionally, precursor costs, fiber yield, 

and processing speed heavily influence the economic viability of CF composites. As a result, 

while CFs offer superior mechanical and functional properties, their cost-performance ratio 

limits widespread adoption to high-end structural applications [31, 32]. 

Aramid fibers (AFs) 

AFs reinforced materials are high-impact resistant materials produced using high-performance 

synthetic fibers belonging to the aromatic polyamide family, most notably para-aramids such 

as Kevlar and Twaron. These fibers are manufactured through a solution-spinning process, 

where a liquid-crystalline polymer, formed by polymerising monomers such as para-

phenylenediamine and terephthaloyl chloride, is extruded through fine spinnerets into a 

coagulation bath to form solid filaments [33]. The fibers are then drawn to align their molecular 

chains, heat-set to stabilise their structure, and subsequently surface-treated to enhance 

adhesion to polymer matrices. When used to fabricate composites, AFs are typically 

incorporated through processes such as hand lay-up, prepreg/autoclave curing, resin transfer 

molding, filament winding, or compression molding [34, 35]. The resulting AFs-reinforced 

polymer composites (AFRPs) exhibit outstanding specific tensile strength, high stiffness, 

excellent impact resistance, and superior energy-absorption capability, along with exceptional 

thermal stability, flame resistance, low density, and electrical insulation. However, they are 

vulnerable to UV degradation and long-term moisture exposure. These combined properties 

make AFRPs ideal for applications in ballistic protection, aerospace structures, advanced 

automotive components, ropes and cables, protective gear, and other high-performance 

engineering systems [33]. Their molecular structure, featuring rigid aromatic rings and amide 

linkages, leads to high crystallinity and strong directional bonding, which enhances their 

thermal stability, flame resistance, and dimensional stability under load. Importantly, AFs do 

not melt but rather degrade at high temperatures, which allows them to retain structural 

integrity in extreme environments [7]. Additionally, AFs are sensitive to ultraviolet (UV) 

radiation, which can lead to photo-oxidative degradation and loss of mechanical properties over 

time. They are also vulnerable to strong acids and bases, and their surface chemistry is 

relatively inert, making fiber-matrix adhesion in composite systems more challenging without 

specialized surface treatments or coupling agents [34]. Despite these limitations, AFs are 

widely valued for their extraordinary toughness, damage tolerance, and energy absorption 
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capabilities, outperforming both glass and CFs in applications involving dynamic loading, 

impact, and vibration. They also exhibit excellent fatigue resistance and low creep, further 

enhancing their durability in cyclic loading conditions. Continued research aims to improve 

their UV resistance, interfacial bonding, and compressive properties through nano-

reinforcements, hybridization, and chemical surface modifications[36, 37]. 

 

Figure 1: Comparison of the properties of the basalt fiber (BFs) with glass fiber (GFs), 

Aramid Fiber (Afs), and carbon fiber (CFs). 

Basalt Fiber (BFs) 

BFs is a golden brown color advanced inorganic fiber produced by melting naturally occurring 

basalt rock at high temperatures, typically ranging between 1,350-1,800 °C, followed by 

extruding the molten material through platinum-rhodium bushings to form continuous 

filaments [20, 38]. Unlike the production of GFs, which relies on a carefully engineered mix 

of raw materials such as silica sand, limestone, alumina, borates, and other oxides, BFs 

production benefits from its single-component feedstock, eliminating the need for additive 

formulations and pre-melting batch control. This significantly simplifies the manufacturing 

process and reduces the potential for compositional variability introduced during blending, 

although it shifts the burden of consistency to the natural variability of the basalt source itself 

[39]. The chemical composition of BFs typically mirrors that of volcanic basalt rocks, rich in 

SiO₂ (45–55%), Al₂O₃, CaO, Fe₂O₃, MgO, Na₂O, and K₂O, with minor trace elements. This 

oxide mix lends BFs many of the desirable mechanical and thermal properties of traditional E-

glass and S-glass fibers, including high tensile strength, thermal stability, chemical resistance, 

and good insulating properties. However, unlike synthetic systems, the Fe₂O₃ and alkali 

contents are often higher, which can influence the fiber’s electromagnetic properties, corrosion 

resistance, and thermal behavior-attributes of importance in high-temperature and structural 

applications [40, 41]. 

In terms of processing advantages, BFs have a lower overall energy footprint than fibers such 

as carbon fiber, which require energy-intensive precursor synthesis (e.g., polyacrylonitrile, or 

PAN), stabilization, and graphitization. Moreover, it does not involve the toxic emissions or 

complex chemical routes often associated with polymer-based fibers or aramid production [42-
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44]. The direct melt-and-draw process improves both environmental sustainability and cost-

effectiveness, making BFs an attractive candidate for construction, automotive, aerospace, and 

fire-resistant applications. However, quality control remains a major challenge due to the 

inherent variability in basalt rock composition, which depends on the deposit's geological 

origin. Small variations in mineral content or crystallinity can lead to significant differences in 

fiber spinnability, viscosity, filament uniformity, and mechanical performance. As a result, 

large-scale commercialization and application of BFs require stringent characterization and 

sorting of raw materials, or blending strategies to homogenize feedstock quality [45-47]. 

Research is ongoing to develop predictive models and real-time monitoring systems to ensure 

consistent fiber performance in industrial-scale operations. BFs represent a promising class of 

reinforcement material with sustainable processing pathways, competitive mechanical and 

thermal properties, and broad industrial applicability. However, further advancements in raw 

material standardization and process control are essential to fully unlock its potential as a cost-

effective and environmentally favourable alternative to conventional GFs and CFs. Fig. 1 

shows the properties of BFs, with the comparison of GFs, AFs and CFs, which clearly exhibit 

the advantages of BFs over other fiber-reinforced materials. 

MICROSTRUCTURE AND SURFACE CHEMISTRY OF BFs 

BFs, often described as “green materials without pollution for the 21st century,” have attracted 

significant global attention owing to their superior mechanical performance. The 

microstructure and surface chemistry of BF are critical determinants of its mechanical 

performance, chemical durability, and compatibility with polymer matrices in composite 

applications. BFs are amorphous to partially crystalline inorganic silicate fibers, formed by the 

rapid quenching of molten basalt rock, which consists of a naturally occurring multicomponent 

oxide system rich in SiO₂, Al₂O₃, Fe₂O₃, CaO, MgO, Na₂O, and K₂O, among others [48]. Due 

to the rapid cooling during fiber drawing, the resulting microstructure is predominantly non-

crystalline (glassy), though localized regions of nanocrystalline phases (e.g., magnetite or 

plagioclase-type structures) may form depending on the cooling rate and composition of the 

source basalt. The lack of long-range atomic order imparts isotropic mechanical and thermal 

behavior, while the presence of iron and magnesium oxides can influence magnetic, dielectric, 

and oxidation characteristics [49]. The SEM images in Figure 2(a-c) show clear differences in 

the surfaces of BFs after ethanol cleaning and heat treatment (400 °C for 4 h). The untreated 

fibers contain visible dust and impurities, as shown in Figure 2(a), whereas the ethanol-washed 

fibers are cleaner and retain only the original sizing layer (Figure 2 b). Heat-treated fibers 

display uniformly smooth surfaces, confirming the complete removal of dust and impurities, 

as shown in Figure 2(c). The average fiber diameter remains essentially unchanged after 

desizing, indicating that the treatment does not significantly affect fiber thickness. While minor 

variations in diameter can occur along the length of a single fiber, the more pronounced 

differences are those observed between individual fiber specimens [50]. 

At the microscopic level, BFs exhibit a smooth, glassy surface morphology, which contributes 

to their low surface reactivity and relatively poor interfacial bonding with organic matrices, 

even without surface treatment. However, the surface chemistry is complex due to the 

heterogeneous distribution of oxides, particularly transition-metal oxides such as Fe₂O₃ and 

TiO₂, which may form localized sites with altered surface polarity or catalytic activity [52]. 

The fiber surface contains silanol (Si-OH) groups, though typically at lower concentrations 

than in E-glass fibers, resulting in lower inherent hydrophilicity. These silanol groups are 



Anirudh Kumar, Satendra Pal Singh, R. M. Mehra, Yogendra Kumar Mishra and Sanjeev Kumar Sharma, IJMIR 

Page | 76  
© 2026 Council of Industrial Innovation & Research (CIIR), India. 
All rights reserved. 

critical for chemical functionalization, particularly in silane coupling reactions, which are 

commonly used to enhance interfacial adhesion in composite systems. 

 

Figure 2: Microscopic SEM image of (a) as prepared, (b) cleaned with ethanol, (c) heat-

treated BFs (Reproduced with permission of [50], Copyright © 2025, Elsevier Ltd.) and 

(d) the acidic treatments used to functionalize BF surfaces, beginning with high-

temperature desizing followed by HCl activation and subsequent 3-

aminopropyltrimethoxysilane (APTES) and succinic anhydride (SA) grafting 

(Reproduced with permission of [51], Copyright © 2024, Springer Nature). 

Techniques such as plasma activation, acid etching, and silanization are frequently employed 

to increase surface roughness and introduce functional groups that enhance fiber-matrix 

adhesion. Continued advancements in surface modification and microstructural optimization 

are further improving the performance of BFs-reinforced composites used in structural, 

thermal, and corrosive operating environments.  

Moreover, the presence of alkali and alkaline-earth oxides (e.g. Na₂O, K₂O, CaO) near the 

surface can serve as potential leaching sites under aggressive environmental conditions (e.g., 

alkaline or acidic media), thereby influencing long-term durability and chemical resistance [51, 

53-55]. Figure 2(d) presents the acidic treatments used to functionalize BF surfaces, beginning 

with high-temperature desizing, followed by HCl activation and subsequent grafting with 3-

aminopropyltrimethoxysilane (APTES) and succinic anhydride (SA). The thermally treated 

and acid-activated fibers (TA-BFs) served as the base material for silane modification. APTES 

and SA grafting reduced surface defects and wettability of BFs while noticeably improving 

their tensile strength, thermal stability, and functional surface characteristics [51]. These 

enhancements significantly expand the potential uses of the modified fibers in advanced 

composites. Acid treatments using solutions such as HCl or NaOH increase the surface 

roughness of BFs and generate additional hydroxyl groups, leading to a more compact and 
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stronger fiber-matrix interface. These surface modifications also increase the mesoporous 

volume in the mortar, which helps reduce or, in some cases, fully negate the negative impact 

of untreated fiber addition on compressive strength. 

PROPERTIES OF BFs 

Mechanical Properties  

BFs (BFs) have emerged as an increasingly important reinforcement material in advanced 

composite systems due to their favorable balance of mechanical strength, thermal stability, 

chemical durability, and economic viability compared with conventional fiber types. Produced 

through the melting and extrusion of naturally occurring basalt rock, these fibers form a dense, 

defect-resistant silicate network rich in Fe-Mg-Ca-Al components, enabling tensile strengths 

of approximately 2.8 to 4.8 GPa and elastic moduli of 85 to 110 GPa. These values exceed 

those of E-glass and closely approach the performance of more specialized S-glass, while still 

benefiting from lower energy demands in production [8, 56, 57]. Their intermediate elongation 

at break (around 2.7-3.2%) results in a balanced stiffness ductility profile that enhances impact 

resistance and crack-arrest behaviour, contrasting with the inherently brittle failure of CFs. The 

microstructural uniformity and reduced pore content of BFs contribute to improved fatigue life 

and reduced vulnerability to stress-corrosion cracking across varied environmental conditions 

[58, 59]. Additionally, their high softening temperature and superior thermal resistance 

maintained beyond 600-700 °C, allow BFs to retain structural capability in high-heat or fire-

critical applications where glass, aramid, and polymer-based fibers usually degrade. Despite 

these strengths, the chemically inert and smooth surface of untreated BFs can restrict effective 

bonding with polymer matrices, prompting extensive research into advanced surface 

modification methods, including silane coupling, plasma processing, nano-scale coating, and 

biomimetic functionalization [60-62]. Such treatments significantly improve interfacial shear 

strength, load-transfer efficiency, and composite damage tolerance by enhancing adhesion and 

promoting controlled crack-deflection mechanisms. Consequently, BFs-reinforced composites 

are increasingly recognized as a sustainable and competitive alternative to traditional 

reinforcements, with ongoing innovations in surface engineering, hybrid composite 

architectures, and multifunctional material design further expanding their applicability in the 

aerospace, automotive, civil engineering, and renewable energy sectors [38, 63]. 

Thermo-Chemical Behaviour  

BFs exhibit a complex thermo-chemical response that stems from their multicomponent silicate 

structure, which incorporates SiO₂, Al₂O₃, FeO/Fe₂O₃, MgO, CaO, and various minor oxides. 

This chemically diverse network forms a thermally stable amorphous matrix that resists 

softening and preserves mechanical integrity at temperatures exceeding those tolerated by 

conventional GFs or organic fibers [64-66]. Typically, BFs retain much of their tensile strength 

up to 600-700 °C, owing to their high glass-transition and crystallization thresholds, as well as 

the strong ionic and covalent bonding within the silicate framework. At elevated temperatures, 

the fibers demonstrate remarkable oxidation resistance and maintain their structural stability 

without significant morphological distortion [67, 68]. However, under aggressive 

thermochemical environments, such as prolonged exposure to alkaline solutions, high-

temperature moisture, molten salts, or cyclic thermal loading, the fibers may undergo 

compositional changes, including cation leaching, hydrolysis of unstable oxides, or partial 

devitrification. These reactions can roughen the fiber surface, reduce defect tolerance, and 

diminish interfacial bonding in composites [45, 69]. In severe conditions, crystallization of iron 
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and magnesium-rich phases may occur, which can embrittle the fibers and alter their thermo-

mechanical performance. To address these challenges, recent research emphasizes surface 

engineering strategies, including nano-oxide barrier layers, silane-based protective chemistries, 

and plasma-induced modifications, to enhance resistance to environmentally driven 

degradation. Overall, the thermochemical robustness of BFs, together with tunable stability 

through targeted surface treatments, positions them as a promising reinforcement for high-

temperature, chemically demanding, and fire-resistant composite applications [70]. 

Durability and Environmental Impact 

BFs offer exceptional long-term durability and significantly lower environmental impact than 

CFs, GFS, and AFs, firmly establishing them as a resilient and eco-efficient reinforcement for 

sustainable composite engineering. Derived from naturally occurring volcanic rock, BFs 

exhibit remarkable resistance to moisture, alkaline and acidic media, ultraviolet radiation, 

oxidative degradation, and repeated thermal cycling. These properties enable it to maintain 

structural and mechanical integrity over extended service periods, even in highly aggressive 

environments such as marine applications, civil and transportation infrastructure, geothermal 

systems, and high-temperature industrial operations [71, 72]. Chemically, BFs exhibit 

markedly superior stability compared with E-glass, which is susceptible to alkali-induced 

degradation in cementitious environments due to the dissolution of silica-rich phases and the 

subsequent formation of microcracks. The inherently higher proportions of alumina, iron 

oxides, and magnesium silicates in basalt confer greater chemical inertia, minimizing 

dissolution reactions and preserving fiber integrity under aggressive conditions.  

As a result, BFs maintain their tensile performance in alkaline, acidic, and saline media, making 

them particularly advantageous for durability-critical reinforcement applications such as 

geogrids, basalt rebar, and composite elements exposed to corrosive or moisture-rich service 

environments [73-75]. Compared with AFs, which degrade under UV radiation, moisture, 

oxidative exposure, and alkaline chemistry, BFs exhibit excellent stability without the need for 

protective coatings and remain thermally stable up to 800-1000 °C, well beyond the ~500-550 

°C degradation onset of aramids. CFs, although thermally stable in inert atmospheres, oxidizes 

rapidly above 400-600 °C in air and require protective coatings for high-temperature 

applications; their electrical conductivity also introduces risks of galvanic corrosion in contact 

with metals in humid environments. BFs, being electrically insulating and naturally corrosion-

resistant, do not suffer from this limitation. Environmentally, BFs offer significant benefits: 

their production via melt-spinning of basalt rock at ~1350-1500 °C requires less energy than 

the multi-stage, high-temperature (≥2000 °C) PAN-based processes used for CFs, and avoids 

the hazardous solvents integral to aramid synthesis [76-79]. In contrast, GFs production 

involves multiple mineral additives, including environmentally challenging borates and 

fluorides. Life cycle assessments consistently show BFs possessing lower embodied energy, 

reduced global warming potential, and benign end-of-life behaviour, being non-toxic and inert 

in landfills. Overall, BF provides superior durability across thermal, chemical, and 

environmental stressors while simultaneously offering lower environmental burdens, making 

it an ideal sustainable reinforcement material for modern composite applications where long-

term durability and ecological performance are critical [80]. 

BFR-POLYMER COMPOSITE MATERIALS (BFRP) 

BFRP composites constitute an emerging class of high-performance, durable, and 

environmentally sustainable materials produced by embedding BFs derived from naturally 
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occurring volcanic rock into polymer matrices [81]. The exceptional physicochemical 

properties of BFs, including tensile strengths of 2.5-4.8 GPa, Young’s moduli of 85-110 GPa, 

thermal stability up to 800-1000 °C, and strong resistance to alkaline, acidic, and saline 

environments, enable BFRPs to outperform conventional fiber reinforced polymers (FRPs) in 

mechanical reliability and long-term durability [8, 78, 82]. These composites are typically 

manufactured using thermosetting matrices such as epoxy, vinyl ester, and polyester, or 

thermoplastics like polypropylene and polyamide, reinforced with continuous, woven, or 

chopped BFs to achieve improved tensile and flexural strength, enhanced impact toughness, 

and superior fatigue behavior. BFs possess a naturally rough surface and reactive oxide groups 

that promote strong interfacial bonding with polymer matrices, ensuring effective load transfer, 

reduced delamination, and stable performance under static, dynamic, and cyclic loading [83-

85]. This strong interface also contributes to their excellent resistance to moisture, UV 

radiation, corrosive chemicals, and temperature fluctuations, conditions that often accelerate 

degradation in other FRPs.  

Moreover, BFRPs exhibit superior fire resistance and maintain structural integrity at 

temperatures where AFs begin to thermally degrade, and CFs oxidize [86, 87]. Their processing 

is compatible with established composite manufacturing methods, including pultrusion, 

filament winding, resin transfer molding (RTM), vacuum-assisted resin infusion (VARI), and 

compression molding, supporting both scalability and cost efficiency. Environmentally, BFs 

offer notable advantages due to their natural origin and straightforward melt-spinning 

production route, which avoids the energy-intensive and chemically complex precursor 

synthesis required for carbon and aramid fibers, as well as the mineral additive challenges 

associated with glass fiber manufacturing [88-91]. These sustainability benefits, combined with 

strong mechanical and durability properties, make BFRPs attractive for civil infrastructure, 

automotive and aerospace components, marine applications, and protective structures. Current 

research focuses on optimizing BF surface treatments and sizing formulations for improved 

matrix compatibility, developing hybrid composites with CFs, GFs and AFs to leverage 

synergistic effects, and exploring nanoscale functionalization to enhance toughness, interfacial 

strength, and multifunctional attributes such as sensing, thermal regulation, and 

electromagnetic shielding [40, 92, 93]. 

HYBRIDIZATION STRATEGIES OF BFRPs 

Hybridization of BFRs and polymer matrices has evolved into a sophisticated design paradigm 

for developing high-performance composites that combine mechanical robustness with 

environmental durability and cost efficiency [94, 95]. Compared with GFRs, AFRs, and CFRs, 

BFRs provide a distinctive combination of tensile strength, elastic modulus, thermal stability, 

and chemical resistance, which contributes to their broad compatibility with diverse polymer 

matrices. The BFRs are particularly attractive for developing hybrid polymer composites where 

both performance and durability are critical. In these composite systems, including epoxy, vinyl 

ester, polyester, and phenolic resins, hybridization strategies commonly focus on improving 

fiber-matrix interfacial adhesion through targeted surface modification of BFRs [96, 97]. 

Techniques such as silane coupling, plasma treatment, and nanoparticle-assisted grafting have 

been shown to enhance surface energy, promote chemical bonding, and minimize stress 

concentrations at the interphase of the BFRPs. These interfacial engineering approaches yield 

more efficient load transfer pathways, reduce microcrack initiation, and improve the long-term 

mechanical stability of the composite materials [56, 98, 99]. 
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In thermoplastic matrices such as polypropylene, polyamide, and bio-based polymers, BFRs 

significantly enhance load-bearing capability and thermal resistance. Melt-processing 

techniques and fiber orientation control enable fine-tuning of ductility, stiffness, and energy 

absorption characteristics of BFRPs [96, 100, 101]. Advanced hybridization approaches, where 

BFRs are combined with nano-scale fillers such as graphene, CNTs, nano-silica, or layered 

silicates, which form multi-scale architectures that deliver improvements in flame retardancy, 

thermal conductivity, gas barrier properties, and dimensional stability [44]. Furthermore, 

strategies such as stacking-sequence optimization, interlayer toughening, and multi-axial fabric 

integration enable the creation of graded composites with enhanced interlaminar shear strength 

and reduced susceptibility to delamination, which are key requirements for aerospace interiors, 

automotive crash components, and marine structures.  

 

Figure 3: Schematic of hybridization of BFRPs, processing, and the application of 

BFRPs in various fields. 

Figure 3 presents the Schematic of hybridization of BFRs, processing, and the application of 

BFRPs in various fields. Emerging trends in sustainable materials engineering also leverage 

BFs with biodegradable or recyclable polymers to create environmentally responsible hybrid 

composites that maintain structural integrity under harsh chemical or thermal exposure [56, 

102]. 

PROPERTIES OF BFRPs 

Tensile and Flexural Properties 

BFRPs represent an intermediate-performance composite class that effectively bridges the 

mechanical and economic gap between GFRP and CFRP systems, combining favourable 

strength, stiffness, durability, and cost-efficiency. With tensile strengths typically ranging from 

300 to 600 MPa and tensile moduli between 15 and 30 GPa, alongside flexural strengths of 

approximately 400-700 MPa and flexural moduli reaching 20-35 GPa, BFRPs consistently 

outperform conventional GFRPs composites, largely due to the intrinsically higher tensile 

capacity of BFRs (2.5-4.8 GPa) and the superior interfacial bonding enabled by their rough, 

chemically reactive surfaces [44, 103, 104]. Although their tensile and flexural properties 

remain below those of CFRPs composites, which commonly achieve tensile strengths of 1500-
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3500 MPa and moduli exceeding 70-230 GPa, BFRPs offer distinct advantages in terms of 

reduced brittleness, greater environmental stability, and markedly lower material costs, making 

them especially suitable for applications where extreme stiffness is not required [105, 106].  

Compared with AFRPs, BFRPs exhibit superior compressive strength, enhanced thermal and 

chemical resistance, and reduced sensitivity to moisture and ultraviolet exposure, even though 

AFRs retain an edge in toughness and impact energy absorption due to their flexible polymeric 

structure. The structural performance of BFRPs is highly dependent on parameters such as fiber 

volume fraction, fiber alignment, matrix selection, and specialized surface treatments designed 

to optimize fiber-matrix adhesion, with the fibers silanol-rich, textured surfaces promoting 

efficient load transfer, elevated fracture toughness, and improved flexural behaviour relative to 

GFRP composites [107]. Fu et al. [108] investigated the mechanical behaviour of BFRs 

polymer concrete (BPRC) using standardized compressive and flexural testing methods. 

Compressive strength was evaluated on cubic specimens (100 × 100 × 100 mm) under uniaxial 

loading at a constant stress rate, with surface lubrication applied to reduce end-friction effects. 

Flexural performance was assessed through four-point bending tests on prismatic specimens 

(100 × 100 × 400 mm), allowing reliable evaluation of strength and deformation characteristics, 

as shown in Figure 4(a). Figure 4(b) illustrates that the incorporation of BFRs into 

polypropylene fiber (PF) with different matrix strengths (C-30, C-40 and C-50) produces 

similar trends in compressive strength regardless of matrix strength.  

 

Figure 4: (a) Schematic of flexural performance test of BFs/Polypropylene 

fiber‑reinforced concrete assessed through four-point bending tests, (b) comprehensive 

strength, (c) strength efficiency, and (d-f) the flexural load-deflection of BFRs into PF 

with different matrix strengths (C-30, C-40, and C-50) (Reproduced with permission of 

[108], Copyright © 2024, Springer Nature). 

At a low fiber content (0.1%), all fiber configurations enhance compressive strength, showing 

the most pronounced improvement. This behaviour is mainly attributed to the high stiffness, 

hydrophilicity, and fine diameter of BFRs, which promote better fiber matrix bonding, effective 
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shrinkage crack control, and crack arrest under compressive loading. In contrast, the lower 

stiffness and hydrophobic nature of PF result in weaker interfacial bonding and a limited 

contribution to compressive strength. However, increasing the hybrid fiber content to 0.2% 

leads to a reduction in strength due to poor dispersion, increased interfacial defects, and 

entrapped air. As shown in Figure 4(c), the strengthening efficiency of fibers decreases with 

increasing matrix strength, indicating that fiber reinforcement becomes less effective in high-

strength matrices, particularly at excessive fiber contents. Figure 4(d-f) illustrates the flexural 

load-deflection behaviour of prepared BPRC as influenced by fiber type, fiber content, and 

matrix strength. Although variations in matrix strength affect the absolute load and deformation 

levels, the overall response trend remains consistent with fiber incorporation. The presence of 

fibers enhances flexural resistance and post-cracking deformation capacity, indicating 

improved crack-bridging and energy dissipation mechanisms that are largely independent of 

the matrix strength. This suggests that fiber reinforcement governs the flexural response of 

BPRC by controlling crack initiation and propagation rather than significantly altering the 

elastic stiffness of the matrix. 

Impact Resistance and Fracture Toughness 

The impact resistance and fracture toughness of BFRPs highlight their increasing importance 

as damage-tolerant composite materials, offering a balanced and intermediate performance 

profile relative to GFRPs, CFRPs, and AFRPs composite each governed by distinct fracture 

mechanics rooted in their intrinsic fiber chemistry, microstructure, and interfacial behaviour 

[107, 109]. BFRPs typically demonstrate moderate to high impact toughness, with impact 

energy absorption values commonly reported in the range of 50 to 100 kJ/m² significantly 

higher than those of conventional E-GF composites, which generally fall between 20 to 60 

kJ/m² due to their brittle nature, low strain-to-failure, and limited resistance to crack 

propagation [110-112]. The enhanced impact performance of BFRPs is largely attributed to the 

inherently rough and chemically active surface of BFs, which provides superior fiber-matrix 

adhesion, promotes efficient stress transfer, and enables effective crack-bridging and energy-

dissipation mechanisms during impact loading [38]. Dong et al. [113] prepared BFs-epoxy 

resin reinforced concrete (BERC) using the constituent materials illustrated in Figure 5(a). 

Their results clearly demonstrate the influence of BFs content on the mechanical performance 

of BERC. When the epoxy resin content was maintained constant, increasing the BFs content 

from 2 to 6 kg/m³ resulted in a reduction in both compressive and flexural strengths, as shown 

in Figure 5(b & c), whereas the splitting tensile strength exhibits a progressive improvement. 

These findings demonstrate a content-dependent trade-off between compressive and tensile 

performance, indicating that an optimal BF content of 2 kg/m³ is essential for achieving a 

balanced mechanical response.  

Under impact loading test, concrete fails through rapid crack initiation and unstable 

propagation from the stress concentration point, exhibiting behaviour distinct from quasi-static 

compression. BERC displays multi-directional, tortuous crack paths and delayed fragmentation 

due to fiber bridging, elastic inclusions, and improved matrix bonding (Figure 5d). Compared 

with plain concrete (PC), BERC generally exhibits a marked improvement in impact resistance, 

as reflected by higher crack propagation index (CPI) values across most mix designs (Figure 

5e). CPI enhancements ranging from modest to substantial are observed depending on fiber 

and resin content, highlighting the strong sensitivity of impact performance to composite 

composition. In particular, a combination of 2 kg/m³ BFs and 4 kg/m³ epoxy resin consistently 

provides superior impact resistance, indicating an optimal synergy between fiber bridging and 
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matrix toughening mechanisms. These mechanisms enhance ductility and increase the energy 

required for impact failure. 

Although aramid-fiber composites remain the benchmark for exceptional toughness derived 

from their high elongation at break, strong intermolecular hydrogen bonding, and energy-

absorbing failure mechanisms, BFRPs provide a more thermally and chemically stable 

alternative with superior compressive performance, albeit with lower specific impact energy 

absorption [114]. CFRPs, despite offering unparalleled stiffness and tensile strength, generally 

exhibit lower impact toughness and fracture energy due to the brittle fracture characteristics of 

CFs and relatively weaker interfacial bonding, which limits their damage tolerance unless 

advanced toughening strategies or hybrid laminate configurations are employed. In terms of 

fracture toughness, BFRPs often exhibit higher critical stress intensity factors and strain energy 

release rates than GFRP composites, reflecting the role of the BFs surface morphology in 

enhancing fiber bridging, delaying crack initiation, and suppressing delamination growth 

attributes, particularly important in structures exposed to cyclic loads, impact events, and 

aggressive environmental conditions [12, 94, 109]. Overall, BFRPs deliver a well-balanced 

combination of impact resistance and fracture toughness, outperforming glass composites 

while providing intermediate behaviour between the highly ductile aramid systems and the 

brittle yet high-strength carbon composites.  

 

Figure 5: (a) Content for the preparation of BFs-epoxy resin reinforced concrete (BERC) 

specimen, (b) comprehensive strength, (c) flexural strength, (d) the impact failure modes, 

(e) impact energy, and crack propagation index of BERC specimen (Reproduced with 

permission of [113], Copyright © 2024, Elsevier Ltd.). 

Thermal Stability and Fire Performance 

BFs derived from naturally occurring volcanic rock exhibit outstanding thermal robustness, 

retaining structural integrity and mechanical functionality at sustained temperatures of 
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approximately 800 °C and withstanding short-term thermal exposure approaching 1000 °C 

with minimal degradation. In comparison, CFR composites, while thermally stable in inert 

environments, undergo noticeable oxidative degradation and strength loss in air at temperatures 

above 400-600 °C unless protected by specialized coatings. Relative to GFs, which soften and 

may undergo devitrification or alkali-induced damage under thermal cycling, BFs maintain 

superior dimensional and mechanical stability under extended thermal exposure. AFs, despite 

their high toughness, exhibit limited thermal resistance, decomposing at approximately 500-

550 °C and releasing combustible and potentially toxic by-products during fire. Due to their 

inorganic, non-combustible nature and high melting point (~1450 °C), BFs serve as effective 

thermal barriers within polymer matrices, thereby reducing heat transfer, flame spread, and 

smoke generation.  

 

Figure 6: (a) SEM morphology of BFRP specimens containing 26 layers of fiber 

reinforcement compared with poly (m-phenylene methylphosphonate) (PMP) and 

resorcinol bis(diphenyl phosphate) (RDP), (b) dynamic mechanical analysis DMA 

measurements, (c) SEM images of BFRP after UL94 testing, (d) Heat release rates (HRR) 

of BFRPs, PMP, and RDP as a function of time (Reproduced with permission of [115], 

Copyright © 2020, Wiley). 

Consequently, BFRPs demonstrate enhanced flame retardancy, lower heat release rates, and 

improved fire performance compared with conventional GFRs and AFRs composites, 

highlighting their suitability for fire-critical and high-temperature applications. Wolter et al. 

[115] investigated the influence of flame-retardant additives (FRAs) on the fabrication, 

mechanical performance, and fire behaviour of BFRPs produced via vacuum infusion using 

resorcinol bis(diphenyl phosphate) and poly-(m-phenylene methylphosphonate) in 

combination with bisphenol-F and aniline-based benzoxazine monomers, with the comparison 
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of PMP, poly(m-phenylene methylphosphonate) and RDP, resorcinol bis(diphenyl phosphate). 

Figure 6(a) displays the SEM image of prepared BFRP specimens with 26 layers of FRPs, 

which confirms that 26-layer BFRP laminates exhibit a dense, homogeneous microstructure 

with effective fiber impregnation and minimal porosity, demonstrating the reliability of one-

step vacuum infusion for producing high-quality and reproducible composites. As static tensile 

testing at room temperature was insufficient to capture their temperature-dependent 

performance, they employed dynamic mechanical analysis (DMA) to evaluate the 

thermomechanical behaviour of BFRPs containing flame-retardant additives (Figure 6b). 

The storage modulus (E’) indicated that all BFRP systems behave as rigid materials at 25 °C, 

although PMP-containing composites exhibited reduced stiffness compared with neat and 

RDP-modified BFRPs. With increasing temperature, E’ decreased and showed a pronounced 

transition associated with the glass-to-rubbery state, while the incorporation of RDP 

significantly reduced glass transition temperature (Tg), PMP had a negligible effect, and the 

overall high Tg values confirm the suitability of these BFRPs for applications requiring 

elevated-temperature performance. Figure 6(c) represents the SEM microstructure of the 

BFRC specimen, illustrating the composite morphology, while the influence of phosphorus-

based flame-retardant additives on the flammability behaviour of BFRPs was systematically 

evaluated using UL-94 vertical burning and limiting oxygen index (LOI) tests. Post-UL-94 

SEM analysis shows that BFRPs without flame retardants experience severe delamination and 

extensive cracking, whereas phosphorus-based additives significantly reduce microstructural 

damage and preserve laminate integrity. The heat release rate (HRR) of BFRP, as presented in 

Figure 6(d), shows a sharp peak shortly after ignition (time to ignition, TTI: 71 ± 36 s), with a 

maximum HRR of 58 ± 13 kW/m² at around 200 s, followed by a gradual decline to below 15 

kW/m². The total heat released over 20 minutes was 17 ± 2 MJ/m², while the FRA without 

BFRP had a MARHE of 22 ± 1 kW/m². This pattern, typical of charring materials, arises 

because the BFs are non-combustible. Their study highlights how integrating these flame-

retardant agents affects the processing characteristics, thermal stability, and flame resistance 

of BFRPs, providing insights into optimizing composite formulations to enhance fire 

performance without compromising mechanical integrity. 

BFRPs demonstrate exceptional thermal stability and fire performance, primarily due to the 

inorganic composition, non-combustibility, and high melting temperature of BFRs. Unlike 

many conventional FRP composites (GFRPs, AFRPs, and CFRPs) that undergo rapid 

softening, ignition, or severe loss of mechanical integrity under elevated temperatures, BFRPs 

exhibit delayed thermal degradation, reduced flame spread, and lower heat release rates. The 

BFs maintain structural continuity at temperatures where organic fibers typically fail, thereby 

limiting crack formation, restraining matrix decomposition, and improving residual mechanical 

properties after thermal exposure. Moreover, the strong interfacial compatibility between BFs 

and polymer matrices improves load transfer and mitigates heat-induced debonding, thereby 

enhancing fire resistance. As a result, BFRPs offer improved dimensional stability, enhanced 

structural reliability, and increased safety margins under fire or high-temperature scenarios, 

making them particularly attractive for infrastructure, transportation, and industrial 

applications where stringent fire-safety regulations and long-term thermal durability are 

critical. 

Chemical Resistance and Durability 

The chemical resistance and long-term durability of BFRPs distinguish them as robust 

composite materials capable of sustained performance in harsh, corrosive, and environmentally 
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aggressive conditions, surpassing many traditional PRP systems in durability and reliability 

[38, 116]. Owing to a silicate-rich mineral structure of BFs, BFRPs display exceptional 

resistance to chemical attack from acids, alkalis, saline solutions, and a broad range of 

industrial solvents, enabling BFRPs to maintain mechanical strength, dimensional stability, and 

fiber-matrix interfacial integrity even after prolonged exposure to corrosive environments. The 

inherent chemical inertness confers a significant advantage over E-GFs, which are highly 

susceptible to alkali-induced degradation, surface leaching, and structural deterioration in 

cementitious or alkaline media, thereby limiting the long-term performance of GFRPs in civil 

infrastructure applications [117, 118]. Although CFRPs offer strong chemical resistance in 

neutral or mildly corrosive environments, they may undergo oxidative degradation or matrix 

hydrolysis under extreme pH conditions, and their durability can be influenced by fiber sizing 

and resin chemistry, which affect interfacial stability. AFRs, despite their superior toughness, 

are prone to hydrolytic degradation and are vulnerable to strong acids, oxidizing agents, and 

long-term moisture exposure, restricting their use in chemically aggressive or humid 

environments unless supplemented with protective coatings or specially formulated matrices 

[119, 120]. In contrast, BFRPs exhibit low moisture absorption, minimal swelling, and 

excellent resistance to hydrothermal effects, reducing the risk of interface debonding and 

matrix cracking during wet-dry cycles, temperature fluctuations, or marine immersion. 

Furthermore, BFRPs show strong resistance to UV-induced aging, outperforming AFRPs that 

suffer severe photodegradation, discoloration, and strength loss under ultraviolet exposure 

[121]. 

Overall, the superior chemical stability, environmental resilience, and sustained mechanical 

performance of BFRPs make them highly suitable for infrastructure, marine, chemical-

processing, energy, and outdoor engineering applications where continuous exposure to 

corrosive media and environmental stressors is unavoidable. These attributes position BF 

composites as a durable, low-maintenance, and cost-effective alternative to carbon, glass, and 

aramid fiber systems in modern sustainability-driven design and long-service-life engineering 

applications. 

APPLICATIONS OF BFRPs 

BFRPs have gained increasing prominence as multifunctional engineering materials, with their 

application spectrum expanding rapidly across diverse industrial sectors, including 

automations, civil infrastructure, defence and personal protection shown schematically in 

Figure 7. This growth is primarily attributed to their favourable combination of high 

mechanical performance, excellent chemical and thermal stability, strong resistance to 

environmental degradation, and competitive cost. Owing to these attributes, BFRPs are 

increasingly regarded as viable alternatives to conventional CFRPs, GFRPs and AFRPs, 

particularly in scenarios demanding durability and long-term reliability under aggressive 

conditions [49, 122]. In civil infrastructure, BFRPs have been widely adopted as reinforcement 

materials in concrete structures, including bridge decks, beams, pavements, and components 

exposed to corrosive environments. Their inherent resistance to alkaline media and 

dimensional stability within cementitious matrices enable superior durability compared to 

GFRPs, which are prone to degradation in high-pH conditions. BFs rebars, meshes, and grids 

have been successfully implemented in large-scale infrastructure, contributing to enhanced life 

and reduced maintenance demands [76, 123].  

The automotive sector has also witnessed increasing use of BFRPs as manufacturers pursue 

lightweight yet robust materials to comply with stringent fuel-efficiency and emissions 
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standards. BFRPs are increasingly employed in structural and semi-structural automotive 

components, including bumper systems, interior panels, engine covers, and underbody 

protection elements. Their high impact resistance, vibration-damping capacity, and thermal 

stability under cyclic loading conditions make them attractive for automotive applications [124, 

125]. In aerospace applications, BFRPs are being actively explored for secondary load-bearing 

components, interior structures, and fire-sensitive assemblies. Their intrinsic flame resistance, 

low smoke density, minimal toxic gas emission, and strong fatigue performance render them 

suitable for cabin panels, flooring systems, and cargo compartment structures. Recent 

investigations into BF composite structures for unmanned aerial vehicles (UAVs) have 

reported enhanced damage tolerance and improved manufacturability compared to traditional 

FRPs, suggesting strong potential for broader aerospace integration [126]. Marine engineering 

represents another critical application domain for BFRPs, where resistance to moisture ingress, 

saltwater corrosion, and ultraviolet radiation is essential. BFRPs have been incorporated into 

hull components, decking systems, boat frames, and offshore structural elements, exhibiting 

superior durability compared to conventional FRP composites under prolonged marine 

exposure [127, 128].  

 

Figure 7: Applications of BFRPs in various sectors, including automations, civil 

infrastructure, defence and personal protection (Reproduced with permission of [49], 

Copyright © 2025, MDPI). 

In the defense and personal protection sectors, BFRPs have attracted attention due to their high 

energy absorption capability, fracture toughness, and relatively low production cost. These 

properties enable their application in ballistic protection systems such as helmets, armor panels, 

and lightweight vehicle protection structures. While AFRPs continue to dominate high-end 

ballistic applications, BFRPs offer a cost-effective and environmentally sustainable alternative, 

particularly when employed in hybrid laminate configurations [129, 130]. Today, academic-

industrial collaborations are driving innovation in multifunctional BFRPs with enhanced 

damping, self-sensing functionality, and electromagnetic interference (EMI) shielding 

capabilities. With recent advancements in fiber surface modification, matrix compatibility, and 

hybrid composite architectures, BFRPs are poised to play an increasingly significant role in 
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next-generation structural and functional material systems aligned with sustainability and 

economic performance objectives [131]. 

CHALLENGES AND PERSPECTIVES OF BFRPs 

BFRPs hold strong promise as environmentally sustainable, cost-effective, and high-

performance alternatives to traditional FRPs. Nevertheless, their widespread industrial 

adoption is tempered by several unresolved scientific, technological, and manufacturing 

challenges. Addressing these barriers is essential to unlock the potential of BFRPs and establish 

them as mainstream materials for structural and multifunctional applications [102]. One of the 

foremost challenges arises from the natural geological variability of basalt, which directly 

influences fiber quality.  

Unlike CFs and GFs produced from controlled and well-characterized precursor chemistry, 

BFs originate from volcanic rock whose mineral composition can vary based on geographic 

and geological conditions. Differences in silica, iron oxide, and alkali content can significantly 

affect melting temperature, viscosity, fiber drawability, and ultimately fiber tensile strength, 

stiffness, and impact resistance. This intrinsic heterogeneity of BFs and the complicating 

process can result in inconsistent composite performance. Advancing reliable raw material 

classification systems, refining melt-processing parameters, and developing standard quality 

metrics for BFs are therefore vital for ensuring reproducibility and meeting stringent 

engineering specifications [132, 133]. 

A major challenge in the widespread adoption of BFRPs is optimizing fiber-matrix interfacial 

performance, as insufficient interfacial bonding, despite the inherently rough and chemically 

active surfaces of BFs, can impair fatigue resistance, accelerate hydrothermal degradation, and 

compromise long-term mechanical reliability under demanding service conditions. This has 

driven the need for advanced interfacial engineering approaches, including basalt-specific 

silane coupling agents, plasma surface treatments, nanoscale functional coatings, and organic–

inorganic hybrid modifications, to enhance interfacial toughness and durability in both polymer 

and thermoplastic matrices.  

Concurrently, industrial-scale manufacturing of BFs presents challenges related to fiber 

breakage during drawing, energy-intensive melting operations, limited automation, and 

production variability, all of which influence cost and quality [133]. Therefore, advancements 

in furnace design, continuous drawing technologies, surface coating systems, automated 

winding, and supply-chain integration are essential to achieving economic viability for large-

scale applications of BFRPs. In parallel, a comprehensive understanding of the long-term 

durability and lifecycle performance of BFRPs remains underdeveloped, with limited data on 

creep behaviour, thermo-oxidative issues, fatigue crack evolution, and interfacial degradation 

under coupled mechanical and environmental loading, highlighting the need for predictive 

modeling tools, accelerated ageing protocols, and standardized durability assessment methods 

to support engineering certification [59, 134].  

Hybrid composite architectures combining BFs, with multifunctional capabilities such as self-

sensing, electromagnetic interference shielding, thermal insulation, and fire resistance, offer 

promising pathways for expanding BFRP. Coupled with basalt’s natural abundance, 

comparatively low embodied energy, and potential for recycling, these developments position 

BFRPs as a sustainable and competitive alternative to conventional fiber reinforcements, with 

strong prospects for advancing next-generation structural and multifunctional composite 

technologies. 
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CONCLUSION 

BFRPs offer a unique synergy of mechanical performance, chemical resistance, environmental 

durability, and processing versatility, highlighting an alternative to traditional GFRPs, CFRPs 

and AFRPs. Their low moisture absorption, UV and impact resistance, and thermal stability 

ensure long-term performance in aggressive environments such as marine, infrastructure, 

automotive, and aerospace sectors. BFRPs are not only compatible with established composite 

manufacturing processes, including pultrusion, filament winding, and resin infusion, but also 

adaptable to both polymer and thermoplastic matrices, supporting scalable, cost-effective 

production. While challenges remain in fiber handling and sizing optimization, ongoing 

advancements in surface treatments and hybrid composite designs continue to enhance BFRPs 

capabilities. BFRPs provide a sustainable, low-maintenance, and high-performance solution 

for next-generation engineering demands. Driven by the combined requirements of long-term 

durability, environmental sustainability, and cost competitiveness, BFRPs are anticipated to 

gain broader adoption and emerge as a key contributor to the evolution of advanced composite 

materials. 
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