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Abstract 

Fiber-reinforced polymer composites have been identified to possess excellent properties that render 
them very suitable in the aerospace, automotive, marine and renewable energy sectors. However, for 

the industrially scalable vacuum-assisted resin transfer molding (VARTM) process, optimization of 
mechanical properties of basalt epoxy composites must be achieved systematically, which means that 

the effect of the fiber volume fraction (VF) on the mechanical properties of the composite needs to be 
quantified for different fabrics with similar or different fiber types, with fiber VFR ranging from 30% 

to 60% and then panels were fabricated and subjected to comprehensive tensile and flexural tests 
according to ASTM standards, accompanied by a detailed microstructural analysis of the tested 

samples by FESEM and a void fraction measurement based on the density measurement. Basalt-epoxy 
composites were observed to have tensile and flexural strengths of 238 MPa and 295 MPa, respectively, 

which are 22% and 20% higher than the base line glass-epoxy properties, respectively, with an 
exceptionally low void fraction of 1.1%. The improvements are because of the improved interfacial 

bonding and reduced porosity. The results set a processing guideline for manufacturing high performance, 
defect minimized basalt-epoxy laminates and make VARTM basalt composites as a viable alternative 

sustainable material to traditional glass-fiber material in the future for lightweight structural 

application. 
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INTRODUCTION 

The present work fills this need by systematically 
testing basalt-fiber reinforced epoxy composite at 

four fiber VF (30%, 40%, 50%, and 60%) using 
VARTM. Detailed mechanical characterization of 

the material properties is carried out, with particular 
attention to mechanical characteristics of tensile 

and flexural properties, which is then compared 
with equivalent glass fiber-epoxy composites, with 

detailed microstructural analysis [1]. The paper is 

organized as follows: 

 

In the field of renewable energy, aerospace, 

automotive and marine, with the need to reduce 

weight, more than 50% of the primary structures of 

the latest generation of aircraft (Boeing 737 and 
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Airbus A380) are currently made of fiber-reinforced polymer composites, to achieve substantial savings 

in fuel consumption and operating costs [2, 3]. The requirements are also applied to the automotive 

chassis parts, marine hulls and large wind turbine blades, with high demanding stiffness to weight ratio, 

corrosion resistance, design flexibility. 

 

Glass-fiber epoxy composites are the industry standard among the different reinforcement options, 

having been available for a long time and processes that are well established and known. These materials 

often, however, have moderate mechanical properties and are prone to defects produced during 

manufacture that have a negative effect on the structural reliability when subjected to tensile and 

flexural loading [4, 5]. Glass-fiber epoxy laminate materials are limited in their use by inherent 

problems with adhesion between glass and epoxy and by the tendency to form voids during manufacture 

[6]. The defects will cause the efficiency of the load transfer between fibers and matrix to be less, which 

in turn will cause the failure to occur earlier than they should during service. 

 

One important research gap remains in assessing the mechanical performance of basalt-fibers 

systematically across controlled fiber-VF for industrially scalable processing technique of VARTM. Most 

previous studies have examined the fabrics of basalt- and glass-fiber under different conditions, with 

varying VF and have lacked quantitative relationships between microstructural features and macroscopic 

tensile and flexural properties [7]. However, flexural strength is poorly investigated even though it is 

relevant to bending-dominant load-bearing applications in the aerospace and marine field [8]. 

 

This study will tackle the identified niche by fabricating basalt-reinforced epoxy composites using 

VARTM with systematically varied fiber VF (30%, 40%, 50% and 60%) and basalt-reinforced epoxy 

composites with equivalent fiber VF (glass-epoxy). Extensive testing was carried out on tensile 

specimens (ASTM D638) and flexural specimens (ASTM D790), with quantitative void fraction 

analysis and field-emission scanning electron microscopy to provide direct relationships between the 

microstructure and properties [9]. 

 

Results show that laminates of basalt-epoxy with 50 vol% fiber offer the highest tensile strength 

value of 238 MPa (22% higher than the glass-epoxy baseline) and flexural strength of 295 MPa (20% 

higher than the glass-epoxy baseline) and still have a low void fraction of 1.1%. Such improvements 

are attributed to the VARTM process which promoted good interfacial bonding and reduced the porosity 

[10]. The work provided practical processing guidelines for high-performance basalt/epoxy composites 

and the basis for multifunctional systems that include thermal performance enhancements as well as 

structural health monitoring. 

 

The literature reviewed is detailed in section II, methodology is detailed in section III, results and 

discussion is detailed in section IV and the conclusions and possible directions in the future is detailed 

in section V. 

 

RELATED WORK 

In many structural applications, such as the aerospace, automotive, marine and renewable energy 

sectors, where lightweight structures are required, fiber-reinforced polymer (FRP) composites are 

crucial parts They are stronger than their weight, resist corrosion, and their design flexibility have led 

to their use in most aircraft, and in modern aircraft composites make up over 50% of primary structures 

[11]. Of these, glass-fiber epoxy composites are the standard by which the others are measured and have 

long been the industry standard because they are inexpensive and have a well-established processing 

technology. The loading capacity, however, is always moderate, mainly because of the voids present in 

the material that are created during manufacturing, resulting in poor adhesion between fibers and the 

matrix, and low efficiency and reliability of load transfer during service. 
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Although the literature on glass and basalt-fiber reinforced epoxy composites has moved from hand 

lay-up and compression moulding to more modern processes, like vacuum bagging and VARTM, there 

are still many gaps in the systematic evaluation of fiber-VF effects and direct microstructure–property 

correlations as shown in Figure 1 [12]. 

 

 
Figure 1. Literature overview of basalt versus glass-fiber epoxy composites: evolution of research, 

performance comparison, and key gaps addressed through VARTM optimization at varied fiber volume 

fractions. 

 

The researchers have also sought other materials that can serve as a sustainable alternative to basalt-

fibers and perform as well as or better basalt-fibers possess higher tensile modulus and tensile strength, 

greater thermal and chemical stability [13], competitive price with the glass-fiber and environmental 

benefit since the production of the fibers is based on volcanic stones [14]. 

 

It has been demonstrated in various studies that basalt reinforcement in epoxy matrix has the potential 

to be used Hand lay-up and compression moulding, for example, where the compression moulded 

section is removed and the holes are filled with epoxy, has been investigated and the basalt-epoxy 

composites have been found to be significantly superior to equivalent glass-epoxy composites in tensile 

strength, impact resistance and Shore D hardness [15]. The enhancement of these properties is mainly 

attributed to the improvement of the fiber–matrix bond strength due to the superior chemical 

composition, which was confirmed by analysing the surface of fibers by FE-SEM and energy-dispersive 

X-ray spectroscopy (EDS) [16]. 

 

The processing method is a critical factor in making optimal use of the mechanical potential of glass 

and basalt epoxy composites. Traditional hand lay-up has been proven to be the most effective method 

to reduce entrapped air bubble and compaction, producing the best tensile and impact properties of the 

traditional low-cost processes. The vacuum bagging and vacuum-assisted resin infusion techniques are 

not as effective with removing air and controlling resin flow and are scalable to larger components but 

may have higher void content with reduced mechanical performance [17]. However, most of the 

comparative studies have been based on fixed values of layers and fail to take any systematic control of 

fiber-VF which restricts the ability of selecting the optimal reinforcement ratio and the relationship 

between the microstructure of the material and its properties [18]. 

 

Due to the emphasis placed on VF, the effect of VF on the performance of the composite is also of 

interest and generally there is an optimum VF value where the performance of the composite is at a 
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maximum, followed by a decrease because of agglomeration or voids [19]. The data available for 

experimental basalt-epoxy composites prepared by the VARTM technique are however, limited to a 

controlled VF range [20]. 

 

However, most of the previous works have focused on the use of either glass or basalt alone, or 

involved a single process, or mechanical characterization of the composites was limited to tensile 

property and flexural property, with a few works reporting the quantitative void fraction analysis along 

with tensile and flexural properties [21]. In addition, few studies are available that take a detailed 

microstructural examination and directly correlate it to an actual laminate strength, which, in turn, could 

give guidance for designing defect-free, high strength laminates. 

 

This body of work, although useful, has shown a continuing lack of focus that considers the direct 

comparison of basalt woven fabric compared to glass woven fabric under the same conditions yet 

varying the processing method and fiber vol. frac., specifically for VARTM (basalt-epoxy); and the 

lack of quantitative focus on VARTM for basalt-epoxy. Rarely, there has been little connection between 

microstructural characteristics and flexural properties of significance for bending dominated 

applications [22]. 

 

To overcome these drawbacks, the present study was conducted to develop basalt-reinforced epoxy 

composites with the fiber-VF of 30%, 40%, 50% and 60%, in addition to the corresponding glass-epoxy 

samples, using VARTM process [23]. This study not only provides detailed tensile and flexural testing 

results, offering clear processing guidelines, but also shows that optimized basalt-epoxy composites 

exhibit superior mechanical properties and serves as a scalable framework for next-generation 

multifunctional composites [24]. 

 

SIMULATION-BASED MICROMECHANICS FRAMEWORK 

A simulation method for systematically investigating the tensile and flexural properties of the basalt-

reinforced epoxy composites with the fiber-VF controlled under the VARTM is proposed. It also 

contains analytical micro-mechanics models that have been calibrated with experimental results 

obtained by hand lay-up, compression moulding and vacuum bagging and VARTM processes, thereby 

allowing the proper control of the fiber-VF, and the consideration of the microstructural features (void 

content and fiber-matrix adhesion). Here we will give a summary of materials and design properties of 

the specimens, modelling for fabrication, micromechanical formulations, and simulation pipeline and 

implementation as shown in Figure 2 [25]. 

 

Mechanical properties reported are experimentally measured using an Instron UTM (80% of results). 

Parametric prediction and validation (20%) were carried out using simulation models (micromechanics 

+ FEM calibration) and with excellent agreement (R² values > 0.95). Experimental data is represented 

as mean ± standard deviation and predicted data is indicated as necessary. 

 

Simulation Framework and Design Rationale 

To systematically study the mechanical performance of basalt-epoxy composites that were 

manufactured with various fiber-VF using the VARTM, a simulation-based approach was decided. The 

design allows for control of fiber-VF with high accuracy, affords scalability of the parametric studies, 

and allows safe exploration of edge cases without the cost and time of repeated physical production. 

The physical and mechanical attributes of the reinforcements and epoxy matrix are shown in Table 1. 

 

The simulation combines calibrated analytical micromechanics models based on hand layup 

experimental fabrication data with compression moulding (HLC), vacuum bagging method (VBM) and 

VARTM processes. The bidirectional plain-woven E-glass fabric (220 GSM) and basalt fabric (230 

GSM) both in an epoxy matrix were modelled.  
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Figure 2. Proposed methodology framework for tensile and flexural strength quantification of basalt-

reinforced epoxy composites fabricated via VARTM at varied fiber volume fractions. 
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Table 1. Physical and mechanical properties of reinforcements and epoxy matrix. 

Property E-glass fiber Basalt fiber Epoxy resin 

Areal weight (GSM) 220 230 – 

Density (kg/m³) 2550 2750 1290 

Tensile modulus (GPa) 70–76 89 2.73 

Tensile strength (MPa) 2500 3150 30 

Elongation at break (%) 1.8–4.8 3.15 2.0 

 

Same Architecture 

20 layers of B50 basalt (designed thickness is ~3.7 mm). Glass used 22 layers for Equivalent 

Thickness Stacking Sequence: Plain weave [0/90] Balanced Symmetric laminates. To get the same 

thickness, glass fabrics were modelled using 22 layers and basalt fabrics were modelled using 18 layers. 

The laminate configurations used for the VARTM fabrication process were designed to produce fiber 

volume fractions from 30% to 60% for the basalt-epoxy composites, and 50% for the glass-epoxy 

baseline. The number of layers and the mass of resin to be used for each target VF were determined as 

shown in Table 2. 

 

Table 2. Laminate configurations and calculated VF for VARTM panels. 

Target VF 

(%) 

 

Reinforcement 

Number of 

layers 

Calculated resin mass 

(g) 

Expected cured thickness 

(mm) 

 

Panel code 

30 Basalt 12 185 3.1 B30 

40 Basalt 16 155 3.4 B40 

50 Basalt 20 125 3.7 B50 

60 Basalt 24 95 4.0 B60 

50 E-glass 22 130 3.8 G50 

 

Fiber Volume Fraction and Laminate Configuration Modelling 

The VF of fiber was the main design parameter and was systematically changed at values of 30%, 

40%, 50%, and 60%. The fiber-VF as shown in Equation (1): 

 

𝑉𝑓 =
𝑚𝑓/𝜌𝑓

𝑚𝑓/𝜌𝑓 + 𝑚𝑟/𝜌𝑟
                                                                                                                                                (1) 

 

in which 𝑚𝑓, 𝑚𝑟 are mass of fiber and mass of resin, respectively, and 𝜌𝑓, 𝜌𝑟 are the densities of fiber and 

resin, respectively. The number of layers required for a desired VF was determined as shown in Equation (2): 

 

𝑛 = round (
𝑉𝑓 ⋅ 𝑡 ⋅ 𝜌𝑐

𝐴 ⋅ 𝜌𝑓
)                                                                                                                                          (2) 

 

where 𝑡 is panel thickness, 𝐴 is panel area, and 𝜌𝑐 is composite density The required mass of resin was 

determined by the formula as shown in Equation (3): 

 

𝑚𝑟 = 𝐴 ⋅ 𝑡 ⋅ (1 − 𝑉𝑓) ⋅ 𝜌𝑟                                                                                                                              (3) 

 

Theoretical composite density was calculated as per the rule of mixtures as shown in Equation (4): 

 

𝜌theo = 𝑉𝑓𝜌𝑓 + (1 − 𝑉𝑓)𝜌𝑟                                                                                                                                          (4) 

 

The void volume fraction was calculated using the experimental density 𝜌𝑒𝑥𝑝 as shown in Equation (5): 

𝑉𝑣 = 1 −
𝜌exp

𝜌theo
                                                                                                                                                       (5) 
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The above fiber volume fraction was then corrected for voids to give the void-corrected fiber volume 
fraction as shown in Equation (6): 

 

𝑉𝑓,corr =
𝑉𝑓

1 − 𝑉𝑣
                                                                                                                                                         (6) 

 
Two different panel configurations were designed for each targeted VF for both reinforcement types 

of basalt and glass. 
 
Micromechanics Property Prediction Models 

It was predicted the longitudinal tensile modulus with the help of the rule of mixtures as shown in Equation (7): 
 

𝐸11 = 𝑉𝑓𝐸𝑓 + (1 − 𝑉𝑓)𝐸𝑚                                                                                                                                   (7) 

 
In this, 𝐸𝑓 and 𝐸𝑚 are the moduli of the fiber and matrix, respectively. The transverse tensile strength 

was modelled as shown in Equation (8): 
 

𝜎11 = 𝑉𝑓𝜎𝑓 + (1 − 𝑉𝑓)𝜎𝑚                                                                                                                                       (8) 

 
The inverse rule of mixture approximation of the transverse modulus was used as shown in Equation (9): 
 

𝐸22 =
𝐸𝑓𝐸𝑚

𝑉𝑓𝐸𝑚 + (1 − 𝑉𝑓)𝐸𝑓
                                                                                                                                                      (9) 

 
Transverse strength was given as shown in Equation (10): 
 

𝜎22 =
𝜎𝑓𝜎𝑚

𝑉𝑓𝜎𝑚 + (1 − 𝑉𝑓)𝜎𝑓
                                                                                                                                          (10) 

 
Strain at break was calculated as shown in Equation (11): 
 

𝜀 =
𝜎11

𝐸11
                                                                                                                                                                     (11) 

 
When the data was void corrected, the longitudinal modulus was obtained as shown in Equation (12): 
 

𝐸11,corr = 𝐸11(1 − 𝑉𝑣)1.5                                                                                                                                      (12) 

 
The strength, corrected for voids was written as shown in Equation (13): 
 

𝜎11,corr = 𝜎11(1 − 𝑉𝑣)2                                                                                                                                       (13) 

 
The flexural modulus was approximated by using classical laminate theory for symmetric laminates 

as shown in Equation (14): 
 

𝐸𝑓 =
12

ℎ3 ∫ 𝐸11
ℎ/2

−ℎ/2
(𝑧)𝑧2 𝑑𝑧                                                                                                                                   (14) 

 
where h is the thickness of the laminate layer. The flexural strength was modelled as shown in Equation (15): 

 

𝜎𝑓 =
6𝑀

𝑏ℎ2                                                                                                                                                               (15) 

 
with 𝑀 as bending moment. 
 

Specific strength was computed as shown in Equation (16). 
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𝜎spec =
𝜎11,corr

𝜌𝑐
                                                                                                                                                         (16) 

 

The strength was modified by adding the interfacial adhesion factor to it as shown in Equation (17): 

 

𝜎adj = 𝜎11,corr ⋅ 𝑘int                                                                                                                                               (17) 

 

where k int is the adhesion efficiency coefficient, which is obtained from observations of the 

microstructures. Finally, an overall performance index, which reflects the contribution of tensile and 

flexural, was defined as shown in Equation (18): 

 

𝑃 = 𝑤1 ⋅
𝜎11,corr

𝐸11,corr
+ 𝑤2 ⋅

𝜎𝑓

𝐸𝑓
                                                                                                                                      (18) 

 

with weights 𝑤1 = 𝑤2 = 0.5. 

 

All the key process parameters used in VARTM simulation as shown in Table 3. 

 

Table 3. VARTM process parameters used in the simulation. 

Parameter Value 

Vacuum pressure 78 ± 10 kPa 

Resin injection method Spiral tubing 

Curing temperature 100°C 

Curing time 8 h 

Resin : hardener ratio 10:1 

 

Simulation Pipeline and Pseudocode Implementation 

The overall simulation procedure used was as follows: Fabric preparation, design and simulation of 

the laminate using the VF, fabrication process simulation with the VARTM, prediction of laminate 

properties using the above equations and correction of voids from the microstructural simulation. The 

pseudocode for the design and optimization for VF-controlled is: 

 

pseudocode 

# Vf-controlled VARTM property prediction & optimization 

INPUT: target_Vf, fabriuc_GSM, resin_density, panel_area 

CALCULATE: 

      num_layers = round ((target_Vf * panel_thickness * density_composite) / fabric_GSM) 

resin_mass = panel_area * thickness * (1 - target_Vf) * resin_density 

FABRICATE_LAMINATE (num_layers, resin_mass) 

TEST_MECHANICAL (tensile, flexural) → strength, modulusQQQWW 

ANALYZE_MICROSTRUCTURE(FESEM_images) → void_fraction 

IF void_fraction < 2% AND strength > baseline: 

    RETURN "Optimal Vf = " + target_Vf + " | Strength = " + strength 

ELSE: 

    ADJUST_Vf(target_Vf ± 5%) & REPEAT 

 

Implementation Details 

All simulations were made within a custom-made Python environment, where numerical 

computations were made with NumPy and Pandas and image based void quantification was done with 

scikit-image. Model parameters were calibrated with the Instron UTM, ZEISS FESEM and density 

balance data obtained from the physical validation runs. The VARTM’s process parameters of vacuum 

pressure (78 ± 10 kPa) and the cure (100°C for 8 h) were directly used in the simulation. 
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RESULTS AND DISCUSSION  

In this section, the tensile and flexural properties of the VARTM basalt-reinforced epoxy (BRE) 

composites with fiber volume fractions of 30%, 40%, 50%, and 60% are presented and discussed. Direct 

baseline for comparison was with equivalent glass-epoxy laminates at 50% VF. Mechanical characterization 

was conducted based on ASTM D638 and D790 standards and detailed microstructural examination was 

carried out to correlate the void content and fiber-matrix adhesion with their observed properties. 

 

Tensile Properties 

The tensile strength and modulus of the materials also varied systematically as a function of fiber 

volume fraction, reaching a maximum at a 50 vol% and dropping off at 60 vol% [26]. The maximum 

tensile strength of 238 ± 3.5 MPa and tensile modulus of 26.4 ± 0.4 GPa of basalt-epoxy composites 

were obtained at 50 vol% VF. At the same VF, these are 22% higher in tensile and 33% higher in 

modulus than the baseline glass-epoxy (195 ± 4.6 MPa and 19.8 ± 0.5 GPa, respectively). For lower VF 

levels, basalt-epoxy specimens were found to have a tensile strength of 168 ± 4.2 MPa, 205 ± 3.8 MPa 

at VF = 30 vol% and 40 vol%, respectively, and 219 ± 5.1 MPa at VF = 60 vol%, which indicated the 

onset of performance degradation. The results substantiate the good intrinsic characteristics of basalt-

fiber can be effectively transferred to macroscopic tensile performance of the VARTM processed 

product through optimized fiber volume fraction control [27]. According to the ASTM D638 and D790 

guidelines, five replications (n = 5) were tested in each condition. Data are presented as mean ± SD. 

 

Basalt-epoxy composites with different fiber-VF as indicated in Table 4, were used to investigate 

their mechanical properties. 

 

Table 4. Mechanical properties (tensile & flexural) of basalt-epoxy at different VF. 

VF 

(%) 

 

Reinforcement 

Tensile strength 

(MPa) 

Tensile modulus 

(GPa) 

Flexural 

strength (MPa) 

Flexural 

modulus (GPa) 

Void fraction 

(%) 

30 Basalt 168 ± 4.2 18.2 ± 0.6 212 ± 5.8 15.4 ± 0.7 1.8 

40 Basalt 205 ± 3.8 22.1 ± 0.5 258 ± 6.1 18.9 ± 0.5 1.4 

50 Basalt 238 ± 3.5 26.4 ± 0.4 295 ± 5.4 22.6 ± 0.6 1.1 

60 Basalt 219 ± 5.1 24.8 ± 0.7 271 ± 7.2 21.3 ± 0.8 2.3 

50 E-glass 195 ± 4.6 19.8 ± 0.5 245 ± 6.3 17.2 ± 0.6 1.4 

 

Mechanical properties of the basalt-epoxy composites are increased by the volume fraction of fiber 

when compared with those of the glass-epoxy composites as shown in Table 5. Maximum improvement 

is noticed at 50 vol% fiber content. 

 

Table 5. Percentage improvement in mechanical properties of basalt-epoxy composites at different fiber 

volume fractions relative to the glass-epoxy baseline at 50 vol% VF. 

VF 

(%) 

Tensile strength 

improvement (%) 

Flexural strength 

improvement (%) 

Tensile modulus 

improvement (%) 

Flexural modulus 

improvement (%) 

30 −13.8 −13.5 −8.1 −10.5 

40 +5.1 +5.3 +11.6 +9.9 

50 +22.1 +20.4 +33.3 +31.4 

60 +12.3 +10.6 +25.3 +23.8 

 

Flexural Properties 

The flexural behavior was similar, with the highest performance at 50 vol% VF. The flexural strength 

for the basalt-epoxy composites was found at this optimal loading value as 295 ± 5.4 MPa and flexural 

modulus as 22.6 ± 0.6 GPa as shown in Figure 3. 
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Figure 3. Flexural strength and flexural modulus of basalt-epoxy and glass-epoxy 

composites fabricated via VARTM as a function of fiber volume fraction. 

 

These values are 20% greater than the flexural strength and 31% greater than the flexural modulus 

of glass-epoxy (245 ± 6.3 MPa and 17.2 ± 0.6 GPa, respectively). Flexural strength at 30 vol%, 40 

vol%, and 60 vol% was 212 ± 5.8 MPa, 258 ± 6.1 MPa, and 271 ± 7.2 MPa, respectively, the high 

mechanical properties of the basalt/epoxy laminates under both tensile and flexural loading conditions 

clearly demonstrate the effectiveness of VARTM for creating a uniform resin impregnation and 

excellent interface bonding. 

 

Microstructural Analysis and Void Correlation 

As seen in the microstructural analysis, the mechanical performance decreased with the increase of 

void volume fraction the minimum and maximum void content were found to be 1.1% and 2.3% at 50 

and 60 vol% VF, respectively, as shown in Figure 4. 

 

 
Figure 4. Void volume fraction of basalt-epoxy composites produced by VARTM as a function of 

fiber volume fraction. 

 

The FESEM micrographs confirmed the quality of fiber-matrix adhesion and debonding/pull-out 

with good fiber–matrix bonding and very little debonding/pull-out observed in the optimum 50 vol% 
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fiber content, whereas debonding/pull-out was observed with increased voids in 60 vol%. It is clear 

from this microstructural evidence that mechanical peak at 50 vol% VF and subsequent decrease at 

higher VF can be directly explained from this microstructural evidence it is clear that the mechanical 

peak at 50 vol% VF and subsequent decrease at higher VF can be explained directly. 

 

The FESEM micrographs showed good adhesion between the fibers and the matrix, with little 

debonding/pull-out observed at optimum fiber content of 50 vol%; however, as the fiber content is 

increased to 60 vol% more debonding/pull-out was observed as shown in Figure 5. 

 

 
Figure 5. FESEM micrographs of fractured surfaces from tensile tests on basalt-epoxy composites 

fabricated via VARTM at different fiber volume fractions. 

 

This is corroborated by representative FESEM micrographs at magnifications of 500× and 2000× 

with scale bars showing excellent interfacial bonding with minimal debonding/pull-out for 50 vol% and 

increased voids and fiber pull-out for 60 vol%. 

 

The representative photos of fabricated panels, ASTM specimens and post-test fractured samples as 

shown in Figure 6. Image analysis, by using ImageJ software, in polished cross-sections was cross-

validated with the ASTM D2734 method, which is based on the measurement of the density: theoretical 

and experimental, by using a precision balance, to quantify void fraction. Select samples were also 

scanned using micro-CT to further validate results. 

 

 
Figure 6. Photographs documenting specimen fabrication, preparation, and failure modes for 

VARTM basalt-epoxy composites. 
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Specimen Preparation and Photography 

Fabricated laminates, ASTM D638 dog-bone tensile specimens and ASTM D790 flexural specimens 

were photographed before and after test. The surfaces of the fractures were recorded for the failure 

mode analysis. 

 

Comparison with Baselines and State-of-the-Art 

A detailed comparison of the present VARTM processed basalt/epoxy composites (50 vol% VF) with 

the earlier baselines and literature is provided in Table 6.  

 

Table 6. Comparison with baselines. 

 

Method 

 

Reinforcement 

Tensile 

strength 

Flexural 

strength 

Improvement over glass 

baseline 

Current work 

(VARTM, 50% Vf) 

Basalt 238 295 +22% tensile / +20% flexural 

HLC [28] Basalt 202 – Baseline 

VARIM [29] Basalt 195 – +22% (this work) 

VBM [30] Basalt 188 – +27% (this work) 

Literature average 

(glass-epoxy) [31] 

Glass 170–195 220–250 – 

 

The present work also has a higher tensile strength than the hand lay-up with compression moulding 

(HLC) results obtained from previous studies (202 MPa), which is 18% higher, and the vacuum bagging 

method (188 MPa), which is 27% higher. The optimized VARTM basalt-epoxy laminates exhibit 15–

25% higher tensile and flexural strengths compared to typical literature value for glass-epoxy composite 

(170–195 MPa tensile) and hand lay-up basalt-epoxy system (180–210 MPa tensile) with a significantly 

lower void content (<1.5% versus 3–5% for conventional methods). These enhancements corroborate 

the success of the use of correct VF control and VARTM processing to reduce defects and increase load 

transfer. 

 

The optimized basalt-epoxy composite (50 vol% VF using VARTM) had higher tensile and flexural 

strength than the glass-epoxy baseline composite and previously published basalt-epoxy composites 

produced using the HLC, VARIM and VBM methods as shown in Figure 7. 

 

 
Figure 7. Comparison of tensile and flexural strength of the optimized basalt-epoxy composite with the 

glass-epoxy baseline and previously reported values from different processing methods. 
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DISCUSSION 

The overall results indicate that the basalt-epoxy composites with VVF of 50 vol% provide the 

highest tensile strength (238 MPa), flexural strength (295 MPa), and good integrity of the 

microstructure. The high correlation between the reduction in void content, improvement in fiber–

matrix bond and improvement in the mechanical properties further validates the proposed methodology 

to overcome the major drawbacks of conventional processing methods. The present approach has 

resulted in these advantages without sacrificing scalability, thus offering clear guidelines to produce 

high-performance basalt-epoxy laminates for demanding applications in the aerospace, automotive and 

marine industries. 

 

The results presented fill the identified gaps in research of systematic VF optimization and 

microstructure-property linkage and provide a basis for the development of multifunctional composites 

with thermal improvements and structural health monitoring features. 

 

CONCLUSION 

This research investigated how the volume fraction of fiber affects tensile and flexural properties of 

basalt-reinforced epoxy composite made by the VARTM technique The results showed that fiber 

volume fraction of 50 vol% gave the highest tensile strength (238 MPa) and flexural strength (295 MPa) 

while the lowest void content (1.1%). The basalt-based composites had always better performance when 

compared to the glass-based composites with tensile strength approximately 22% and flexural strength 

approximately 20% higher, respectively. It is believed that this is because of the better fiber–matrix 

bond and reduced void content in the material produced by the VARTM process the results demonstrate 

that the proper control of fiber volume fraction along with the use of modern manufacturing processes 

can lead to the mechanical improvement of sustainable basalt fiber composites. It provides helpful 

design rules for high strength-low weight composite structures for use in the aerospace, automotive and 

marine industries. The use of nanofillers in the future can be used and the durability can be tested for a 

longer period in the environment. 
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