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Abstract 12 

This research is focused on manufacturing and characterization of hybrid 13 

composite laminates obtained different stacking sequences of basalt and flax fabrics with 14 

silane treatments embedded in a partially bio-sourced epoxy resin as matrix. They were 15 

manufactured by the vacuum-assisted resin infusion molding and mechanical 16 

properties were tested in tensile, flexural and impact conditions. The effect of the 17 

coupling agent on the fiber/matrix interface was studied by FESEM. The effect of 18 

temperature on mechanical properties was evaluated by DMTA and TMA. FESEM 19 

images revealed improved fiber/matrix interactions with silane treatment, having a 20 

more satisfactory effect on basalt fibers than on flax fibers because of its silica-based 21 

structure, leading to improved mechanical properties. It is worthy to note that the hybrid 22 

stacking sequence has no remarkable influence on the elongation at break. On the 23 

contrary, the hybrid stacking sequence offered a great influence on both the elastic 24 

modulus and the tensile strength. 25 

Keywords: bio-based epoxy resin; hybrid composites laminates, VARIM. 26 
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 27 

1. Introduction. 28 

Composite materials are one of the most promising areas of thermosetting 29 

polymers. Conventional fibers such as carbon, aramids, and glass, offer superior 30 

mechanical properties to most materials and this has led composite materials into 31 

advanced materials sectors and high-performance applications. Some of their 32 

outstanding properties are lightness, high Young’s modulus, high tensile strength and 33 

good thermal stability, among others  [1-3]. When these fibers are used as reinforcements 34 

embedded into a polymeric matrix (usually a thermosetting polymer), the obtained 35 

composite materials offer a synergistic improvement in both manufacturing and final 36 

properties. These composites are lightweight technical materials with growing uses in 37 

advanced industrial sectors such as aerospace, aeronautics, automotive, medical devices 38 

and equipment, or construction sector [4-6]. The excellent performance of these materials 39 

allows them to substitute other conventional materials such as steel in civil applications 40 

[7]. Despite these notorious qualities, the overall cost of these fibers, mainly carbon and 41 

aramids is still high due to complex manufacturing processes [8]. To overcome the cost-42 

related problem, some efforts have been done to totally or partially replace the content 43 

of these fibers in composite materials or laminates, aiming a good balance between 44 

performance and cost. In the last decade, most research works have focused on the 45 

potential of hybrid composite materials laminates with different fibers/fabrics in a 46 

particular stacking sequence. Artemenko et al. [9], reported a hybrid composite with 47 

carbon and glass fibers, with the subsequent cost reduction. Nevertheless, the decrease 48 

in mechanical properties was noticeable. In particular, these hybrid carbon/glass 49 

composites showed a flexural strength 40% lower than carbon fiber composites. Marom 50 

et al. [10], manufactured hybrid composite laminates with aramid (Kevlar®) and carbon 51 
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fiber, achieving hybrid materials with good impact absorption properties when Kevlar 52 

plies were located in the outer layers of the composite material.  53 

In addition to the cost reduction, in the last decade the increasing concern about 54 

environment is leading the change to the use of environmentally friendly materials and 55 

processes. In accordance to this tendency, the use of natural fibers has emerged as an 56 

interesting alternative to give high environmental efficiency materials. Natural fibers are 57 

obtained from renewable resources which represents a notorious advantage from a 58 

production standpoint [11], and a positive effect on reducing greenhouse gases 59 

emissions. The most used fibers in the manufacture of composite materials are jute, 60 

hemp, cotton and flax, among others [12, 13]. One of the most interesting fibers for the 61 

composite’s industry is flax. Due to its composition, which is mostly made up of helical 62 

structures (microfibrils) of cellulose, flax fibers can provide high tensile strength and 63 

modulus. The microfibril orientation in flax fibers is 10º, and the cellulose content is 64 

around 71%, which can lead to values of the tensile strength of up to 1129 MPa  [14]. 65 

Several authors have devoted themselves to the study of hybrid structures between 66 

synthetic fibers and natural fibers. Zhang et al. [15], reported interesting properties on 67 

hybrid composite materials with flax and glass fibers. The showed good interaction 68 

between the fibers since fracture toughness and interlaminar shear strength turned out 69 

to be higher compared with composite laminates with glass fibers. Morye et al. [16], 70 

reported an increase in the flexural an impact strength properties on hybrid composites 71 

of flax and glass fibers. Ramesh et al. [17] studied the hybrid effect of synthetic fibers 72 

such as carbon and natural fibers such as hemp. Natural fibers were pre-treated with 73 

alkaline solutions, which determined that the pre-treatment increased the mechanical 74 

properties compared to untreated fibers, and also caused water absorption to decrease. 75 

Bajpai et al. [18] developed safety helmets based on hybrid fiberglass and jute fiber 76 

materials embedded in an epoxy resin matrix. It was determined that the flexural 77 
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properties were superior when the fiberglass content was lower, allowing these 78 

materials with a high percentage of natural fibers to replace conventional materials such 79 

as ABS. Palanikumar et al. [19] developed hybrid compounds based on sisal and glass 80 

fibers, where the incorporation of 20% sisal fibers worked better and the hybrid effect 81 

was greater, resulting in increased mechanical properties in tensile and bending. Making 82 

them an option for composites made entirely of glass fibers. 83 

As an alternative to glass fibers, it is possible to find some different siliceous 84 

fibers with interesting properties from a technical point of view. These fibers are 85 

obtained from mineral products such as rocks, therefore, these fibers are known 86 

commercially as rock wool, depending on the type of rock [20]. Among the rocks used 87 

for this purpose, basalt is the most promising. This rock is the result of the cooling of 88 

magma on the earth’s surface [21]. Due to its particular structure, processing of basalt 89 

rocks is much simpler, cheaper and with less environmental impact than production of 90 

glass fibers, which generates too much waste [22]. Properties such as low or no chemical 91 

reactivity, good thermal behavior, good mechanical properties, high modulus, are some 92 

of the features of basalt fibers [23, 24]. Dehkordi et al. [25] reported improved buckling 93 

strength when subjected to high impact energies on hybrid composites of basalt-nylon 94 

intraply fabrics. Matykiewicz et al. [26] reported the thermomechanical properties of 95 

hybrid composites of basalt fibers and basalt powder. The hybrid composition achieved 96 

a synergistic effect by improving the thermal resistance and the stiffness of the 97 

composite. Several authors have studied the hybrid effect with natural fibers, 98 

Matykiexicz and Barczewski  [27] prepared a hybrid composite with basalt and flax 99 

fibers pre-treated with silanes embedded in an epoxy resin and basalt powder matrix. 100 

They determined that the mechanical properties of the composites were not affected by 101 

the incorporation of the flax fibers and that the silane-based treatment worked well, 102 

resulting in a better fiber-matrix interface and increased composite stiffness. Sergi et al. 103 
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[28] investigated the effect of water aging and UV radiation on hybrid compounds based 104 

on basalt and hemp fibers in a thermoplastic matrix of high-density polyethylene 105 

modified with maleic anhydride. Where the hybrid effect worked well since after 106 

accelerated aging the mechanical properties improved, also causing water absorption to 107 

decrease. Despite the good properties of these fibers, the interaction between them and 108 

the surrounding thermosetting matrix is usually deficient, resulting in a marked 109 

decrease in mechanical properties, since the loads are not transmitted correctly to the 110 

fibers [29, 30]. To improve this interaction, different types of treatments are usually 111 

performed to selectively modify the fiber surface. Different physical and chemical 112 

processes have been proposed to overcome this drawback.  Among all these treatments, 113 

silanization seems to be the most effective from both technical and economic 114 

considerations [31].  The dual functionality of silanes allows formation of bridges 115 

between the fiber surface and the thermosetting polymer matrix [32]. 116 

Typical thermosetting resins for composites include unsaturated polyesters (UP), 117 

epoxies (EP), phenolics (PF), vinyl ester (VE), among others. Epoxies are widely used in 118 

engineering due to excellent properties they can provide [33, 34]. conventional epoxies 119 

for composites are based on diglycidyl ether of bisphenol A, DGEBA [35, 36]. DGEBPA 120 

epoxies are petroleum-based materials and substantially contribute to increase the 121 

carbon footprint. With the aim of reducing this, different bio-based materials have been 122 

proposed [37, 38], mainly derived from non-edible vegetable oils (VO) [39]. The 123 

particular structure of vegetable oils, based on a triglyceride with three different fatty 124 

acids allows some chemical modifications, especially on unsaturated fatty acids such as 125 

oleic, linoleic and linolenic acids [40]. 126 

The purpose of this research is assess the potential of hybrid composite laminates 127 

of flax and basalt fibers embedded into a partially bio-based epoxy resin, obtained by 128 

vacuum assisted resin infusion molding (VARIM). This work also covers the study of 129 
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the interaction between basalt and flax fibers subjected to a silanization process. In 130 

addition, the stacking sequence of flax and basalt fabrics on composite laminates is 131 

evaluated in terms of mechanical performance. 132 

 133 

2. Experimental 134 

2.1. Materials. 135 

 The matrix was a partially bio-based epoxy resin, commercial grade Resoltech® 136 

1070 ECO and an amine-based hardener type Resoltech® 1074 ECO, both of them 137 

supplied by Castro Composites (Pontevedra, Spain). The epoxy resin is based on 138 

diglycidyl ether of bisphenol A (DGEBA) with 31% of plant-based reactive diluent. It 139 

provides good UV stability and high mechanical properties. The ratio between the epoxy 140 

resin and the hardener was 100:35 respectively (parts by weight), as recommend the 141 

manufacturer. Two types of fabrics were used to manufacture hybrid composite 142 

laminates. Basalt fabric BAS 940.1270.T supplied by Basaltex (Wevelgem, Belgium) with 143 

a specific surface weight of 940 g cm-2 and Biotex Flax fibers supplied by Composites 144 

evolution (Chesterfield, United Kingdom) with a specific surface weight of 400 g cm-2. 145 

Some properties of flax fiber and basalt fiber fabrics are summarized in Table 1, all 146 

fabrics present a compensated setup on weft and warp directions. The glycidyl-147 

functional silane (3-glycidyloxypropyl) trimethoxysilane was used as a coupling agent 148 

and was obtained from Sigma-Aldrich (Madrid, Spain). 149 

Table 1 150 

2.2. Pre-treatment of fibers. 151 

In order to remove any external agents (sizings), which can interfere with the 152 

manufacturing process of basalt/flax composite laminates, basalt fabrics were initially 153 
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washed in a distilled water bath and then subjected to a thermal program at 300 ºC for 154 

3 h to remove any organic sizing.  155 

In order to improve the surface interaction between the reinforcing fibers and the 156 

thermosetting matrix, both basalt and flax fabrics were subjected to a silanization 157 

treatment. The aqueous solution for this treatment contained 1 wt% silane. Then the 158 

solution was magnetically stirred for 2 hours at room temperature until homogenization. 159 

Then, the corresponding fabrics were immersed in this solution for 2 hours at room 160 

temperature. After this stage, the fabrics were removed from the bath and were dried at 161 

80 ℃ for 12 hours. 162 

2.3. Manufacturing of hybrid basalt/flax composite laminates. 163 

Manufacturing process of basalt/flax/epoxy composites was carried out by the 164 

VARIM process (Vacuum Assisted Resin Infusion Molding). This method consists on a 165 

conventional infusion process assisted by vacuum. VARIM process follows different 166 

stages. First, basalt and flax fabrics with different stacking sequences as summarized in 167 

Table 2, were placed on a board coated with a thin layer of a release agent (polyvinyl 168 

alcohol) as it is shown in Scheme 1a, all layers are biaxial fabrics [0/90]2S. Then, a peel-169 

ply sheet was placed above the stacked fabrics followed by the bleeding fabric, to ensure 170 

good resin flow and spreading (Scheme 1b). Then, the system was sealed with a plastic 171 

bag with double-side sealing tape. Finally, the resin inlet and the vacuum outlet were 172 

placed appropriately (Scheme 1c). Then the vacuum was tested to ensure no leaking.  173 

Once this stage was checked and it was confirmed there was no leaking, the resin was 174 

infused thus embedding all fabrics (Scheme 1d). After the infusion, the hybrid 175 

composites were subjected to a curing cycle of 1 h at 80 ºC and a subsequent post curing 176 

cycle at 125 ºC for 30 min. 177 

Table 2 178 

Scheme 1 179 
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2.4. Mechanical properties of laminate composites. 180 

Mechanical properties of hybrid basalt/flax epoxy composite laminates with bio-181 

based epoxy resin were evaluated in flexural and impact conditions. The flexural test 182 

was performed following the guidelines of ISO 178 standard; the crosshead rate was set 183 

at 5 mm min-1. Flexural test was performed on an electromechanical universal testing 184 

machine ELIB 50 from S. A. E. Iberest (Madrid, Spain), with a 50 kN load cell. Impact 185 

strength was evaluated by the Charpy test, following the guidelines of ISO 179 standard 186 

in a Charpy pendulum from Metrotec (San Sebastián, Spain), using a 6 J pendulum on 187 

notched samples (“U” type, 2 mm depth and a radio of 0.5 mm) as it is shown in Figure 188 

1. All tests were conducted at room temperature with at least five samples of each 189 

laminate. The average values of the corresponding parameters of each test were 190 

calculated. 191 

Figure 1 192 

 In order to have a better understanding of the effect of the hybrid structure of 193 

composite laminates on toughness, a conventional tensile test with the same notched 194 

samples (figure 1) used for impact tests was carried out. This tensile test was carried out 195 

in a ELIB 50 from S. A. E. Iberest (Madrid, Spain), with a 50 kN load cell and the 196 

crosshead rate was set to 3 mm min-1. This test allows calculating the area below its 197 

characteristic tensile diagram, which is directly related to overall toughness. The main 198 

parameters obtained from this test were the maximum tensile strength and the area 199 

below the tensile curve. Five different samples were tested, and the corresponding 200 

values were averaged, in addition, longitudinal and cross-sectional data have been 201 

considered. 202 

2.5. Thermomechanical characterization 203 

Thermomechanical properties of hybrid basalt/flax composite laminates with 204 

bio-based epoxy resin were evaluated by dynamic mechanical thermal analysis (DMTA). 205 
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An oscillatory rheometer AR-G2 from TA Instruments (New Castle, USA) equipped 206 

with a clamp system for solid samples working in torsion-shear conditions was used. 207 

The samples had a rectangular shape size of 40 x 10 x 4 mm3. The heating program was 208 

a temperature sweep from 30 ºC up to 200 ºC at a constant heating rate of 2 ºC min-1. The 209 

maximum shear/torsion deformation () was defined as a percentage of 0.1% and the 210 

selected frequency for the oscillations was 1 Hz. 211 

Additionally, to the dynamic characterization of basalt/flax hybrid composites 212 

by DMTA, their dimensional stability was analyzed by obtaining the coefficient of linear 213 

thermal expansion (CLTE) in a thermomechanical analyzer (TMA) Q400 from TA 214 

Instruments, using square samples (10x10 mm2) with a variable thickness from 7 to 215 

11 mm, with parallel faces. The dynamic heating program was scheduled from 30 ºC up 216 

to 170 ºC to cover the range in which the Tg of the epoxy is expected. A constant heating 217 

rate of 2 ºC min-1 was used with a constant load of 20 mN. 218 

2.6. Fiber/matrix interaction and morphology analysis. 219 

The interaction between basalt fibers and flax fibers with the epoxy resin matrix 220 

in hybrid basalt/flax composite laminates was analyzed by field emission scanning 221 

electron microscopy (FESEM), in a ZEISS ULTRA 55 FESEM microscope from Oxford 222 

Instruments (Abingdon, United Kingdom) working at an acceleration voltage of 2 kV. 223 

Prior to observation by FESEM, all samples were coated with an ultrathin gold-224 

palladium layer in a high vacuum sputter coater EM MED20 from Leica Microsystem 225 

(Milton Keynes, United Kingdom), to provide electrical-conducting properties to 226 

samples. In addition, the morphology of the fractured surfaces from fractured specimens 227 

from impact test was observed using a stereomicroscope system SZX7 model from 228 

Olympus (Tokyo, Japan). It was equipped with a KL 1500-LCD light source. 229 

2.7. Statistical Analysis. 230 
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The data obtained when analyzing the different properties of epoxy basalt/flax 231 

composite laminates were evaluated with a p<0.05 (95%) confidence interval using an 232 

analysis of variance (ANOVA). The OriginPro8 software (OriginLab Corporation, 233 

Northampton, MA, USA) was used to perform the Tukey multiple comparison tests. 234 

 235 

3. Results and discussion. 236 

3.1. Morphology of untreated and silanized basalt and flax fibers. 237 

Mechanical properties of composites are directly related to fiber/matrix 238 

interactions. Strong fiber/matrix interactions allow load transfer from the matrix to the 239 

reinforcing fiber and this has a positive effect on overall mechanical performance. On 240 

the contrary, poor fiber/matrix interactions are responsible for poor mechanical 241 

properties due to poor material’s cohesion. The surfaces of the reinforcing fibers after 242 

the silane treatment were analyzed by field emission scanning electron microscopy 243 

(FESEM); these images are displayed in Figure 2. Both Figure 2(a) and Figure 2(b), show 244 

basalt fiber surface as-received, without any treatment. It can be noticed that the surface 245 

has some impurities, which appear in the form of roughness on these surfaces. This 246 

roughness is no more than the protective sizing of basalt fibers. This sizing is usually 247 

added to facilitate their handling during manufacturing due to its brittleness. Flax fibers, 248 

unlike basalt fibers, do not have a uniform surface, they have a fluted structure, generally 249 

having between 5 and 7 lateral sides as indicated in Figure 2(c) and Figure 7(d), which 250 

is quite typical of natural fibers, as this particular shape allows packing fibers [16]. 251 

Figure 2(e) and Figure 2(f) show the surfaces of basalt fibers subjected to cleaning and 252 

subsequent heat treatment at 300 ºC to remove organic sizings. The results obtained after 253 

this process is notorious as the initial roughness of untreated basalt fibers has almost 254 

disappeared, resulting in completely smooth surfaces, meaning that the initial sizing of 255 
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the basalt fibers has been removed. This is necessary due to the presence of undesired 256 

elements such as binders, sizings dirt, and others, which are usually present in the 257 

surface of basalt fibers. Some of these chemicals are needed to appropriately 258 

manufacture the highly brittle basalt fibers. If these chemicals and/or dirt are not 259 

removed, the silanization process lose its effectiveness because these elements prevent 260 

anchoring between the hydroxyl groups of the fibers on their surface and the hydrolyzed 261 

silanol groups contained in the glycidyl-functional silane (3-glycidyloxypropyl), as 262 

observed in previous studies [41], so that it does not cause subsequent failures while 263 

manufacturing composite laminates and, moreover, allows good anchorage of silane 264 

after silanization. The effect of silanization on both fibers can be seen in Figure 2(g) and 265 

Figure 2(h) for basalt and in Figure 2(i) and Figure 2(j) for flax fibers. As it can be seen 266 

for both fibers, the surface roughness has increased which is due to formation of a thin 267 

layer of silane that has been strongly adhered to the fibers in a  similar way as reported 268 

by Park et al. [42] and Samper et al. [29]. 269 

Figure 2 270 

3.2. Mechanical properties and morphology of basalt/flax hybrid composite 271 

laminates. 272 

 The mechanical behaviour of basalt/flax hybrid laminates was studied through 273 

flexural and Charpy tests (as an estimation of the toughness). The values obtained by the 274 

different mechanical tests are summarize in Table 3. It is noteworthy that the high values 275 

obtained for flexural strength and impact strength are mainly due to the effect provided 276 

by the coupling agent as observed in other similar composite laminates [43-45]. It can be 277 

seen that the flexural strength (f) and flexural modulus (Ef) for B8F0 laminate are 278 

467.9 MPa and 14.7 GPa respectively, which are relatively high due to the stiff properties 279 

of basalt fiber which are comparable to those of glass fibers and slate fibers as reported 280 

by Samper et al. [46]. In addition, this is due to the great affinity that these types of fibers 281 
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have with a polymeric matrix after silanization process, in this case, with a glycidyl 282 

silane which can readily react with the epoxy resin. On the contrary, as flax fiber is 283 

characterized by remarkably lower mechanical properties, the B0F8 composite laminate 284 

offers a flexural strength of 51.5 MPa and a flexural modulus of 2.2 GPa which are close 285 

to some engineering plastics. It is evident that this composite laminate with all-basalt 286 

fabrics (B8F0) is the one with the highest flexural strength and modulus but it is possible 287 

to substitute some basalt fabrics with flax fabrics, which leads to increased 288 

environmental efficiency and balanced mechanical properties. For example, the B6F2 289 

composite laminate, with two flax plies offers high flexural properties of 307.7 MPa 290 

(flexural strength) and 12.2 GPa (flexural modulus) which can compete with some 291 

conventional glass fiber composites. Even the composite with 4 flax plies and 4 basalt 292 

plies (B4F4) shows interesting mechanical performance, with a flexural strength of 293 

241.9 MPa and a flexural modulus close to 10 GPa (9.5 GPa). This increase in flexural 294 

properties can be attributed to the good synergy that the reinforcement fibers have with 295 

the matrix because of the treatment with coupling agents carried out before their 296 

manufacture, as above-mentioned. Usually, polymer-matrix interactions are not good 297 

enough to guaranty load transfer, and this results in poor or decreased mechanical 298 

properties. Nevertheless, coupling agents such as silanes, as they possess dual 299 

functionality, they can react/interact with both the thermosetting matrix and the 300 

reinforcing fiber and, positively contribute to load transfer, with a subsequent positive 301 

effect on mechanical properties. The literature presents hybrid materials in which the 302 

incorporation of glass fiber resulted in flexural properties similar to those obtained in 303 

this work [47, 48], making this a potential environmentally friendly alternative for some 304 

glass-fiber composites in many applications. It is important to remark that even with the 305 

same number of flax and basalt pies, B4F4 and B4F4alt composite laminates offer 306 

remarkably different flexural properties. In B4F4 composites, basalt fabrics are located 307 
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in the external plies of the symmetric laminates (see Table 2.) This stacking sequence 308 

provides increased stiffness and strength. On the contrary, the B4F4alt composite 309 

laminate, contains one external basalt ply and two internal (in the middle) basalt plies; 310 

so that, flax fiber acts as the principal reinforcement material thus leading to decreased 311 

mechanical properties. In particular, the flexural strength and modulus for the B4F4alt 312 

laminate are 156.5 MPa and 4.0 GPa which are almost half the values of the B4F4 stacking 313 

sequence. As reported by Park and Jang [49], in hybrid carbon/polyethylene composites, 314 

the stacking sequence and the relative position of the carbon plies play a key role on final 315 

performance. As the flax ply number increases, it is detectable a decrease in flexural 316 

performance but even for the B2F6 composite laminate, the flexural strength is 317 

interesting (129.7 MPa) with a flexural modulus of 6.4 GPa. These properties are typical 318 

of engineering plastics reinforced with short glass and/or carbon fibers [50, 51], thus 319 

giving an alternative to the high cost of these engineering plastics and, what is more 320 

interesting, providing increased environmental efficiency. 321 

With respect to the impact strength obtained by the Charpy test, Table 3 shows 322 

the effect of hybridization on toughness, measured as the impact strength. In a similar 323 

way to flexural properties, the highest impact strength is obtained for the all-basalt 324 

composite (B8F0) with and absorbed energy of 116.9 kJ m-2. This impact energy is 325 

relatively high compared to other composite laminates. For example, Samper et al.  [46] 326 

reported an impact strength of almost 80 kJ m-2 in composites with slate 4 plies 327 

embedded into an epoxy resin, using a glycidyl silane as coupling agent. Basalt 328 

laminates offer superior impact strength properties. As some basalt plies are exchanged 329 

by flax plies, the impact strength decreases down to values of 9.0 kJ m-2 for the all-flax 330 

composite laminate (B0F8) which indicates very low energy absorption, even lower than 331 

some engineering plastics, such as PBSA injected samples  (26 kJ m-2), PCL/PHB binary 332 

blends with 75% of PCL and 25% of PHB (11 kJ m-2), and LDPE injected 333 
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specimens (53 kJ  m-2)   [52-54]. It should be noted that composite laminates made by four 334 

basalt plies and four flax plies show relatively high values for the impact strength 335 

(B4F4alt), of 77.8 kJ m-2. Once again, composite laminates with the same number of basalt 336 

and flax plies but with different stacking sequences show different behaviour. As 337 

indicated previously, flax plies are not good energy absorbers; for this reason, the B4F4 338 

shows slightly lower energy absorption than the B4F4alt, with values of 64.0 kJ m-2 and 339 

77.8 kJ m-2 respectively. In B4F4 composite, the outer plies are basalt fabrics and they can 340 

absorb some energy in the initial stages of the impact process. Once the basalt fabrics are 341 

broken, flax plies do not offer high resistance to deformation thus leading to slightly 342 

reduced impact strength values compared to B4F4alt. In this last case, an outer basalt ply 343 

receives the impact and breaks and then, immediately, flax fibers are exposed to impact 344 

with very low energy absorption but this stacking sequence contains two basalt plies in 345 

the middle which are able to absorb energy once the pendulum has lost some of its initial 346 

impact energy and this gives slightly higher impact strength. In addition, when the 347 

strongest fibers are located at the skin region (outer plies), they can withstand high 348 

tensile and compression stresses during the impact and this positively contributes 349 

improved toughness as reported by Ary Subagia et al. [55]. It is possible to observe 350 

similar results in different hybrid composite structures in which, the stacking sequence 351 

is a key parameter on final performance of composite plates; in general when the stiffer 352 

and strongest plies are located in the skins (outer plies), flexural and impact properties 353 

are remarkably improved [56]. 354 

Table 3 355 

 Energy absorption and subsequently, toughness, is key parameter on selecting 356 

materials for engineering applications. For this reason, an additional estimation of the 357 

toughness has been carried out by tensile tests with the same samples used for impact 358 

tests. Figure 3 gathers a comparative plot of the stress-strain diagrams obtained for 359 
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basalt/flax hybrid composite plates. The area below the characteristic stress-strain curve 360 

is representative for the overall toughness or the absorbed energy during the 361 

deformation and fracture of composite plates. All composites show a linear behaviour 362 

until fracture occurs. The most relevant information obtained from this test is 363 

summarized in Table 4. As one can see, a simple observation of Figure 3 indicates that 364 

the all-basalt composite plate is, with difference, the one with the highest toughness, 365 

measured as the area below the stress-strain curve. In particular, this area is 366 

25.06 MN m m-3 which is remarkably higher than the area below the stress-strain curve 367 

for all-flax composite plate (B0F8), which is 1.77 MN m m-3. These units, i.e. MN m m-3, 368 

suggest energy or work (MN m) units per volume fraction (m-3), so that, it is possible to 369 

use this value as an estimation of the energy absorbed until failure. As expected, when 370 

some basalt plies are exchanged by flax plies, the area below the  diagram decreases 371 

as basalt is much tougher than flax. These results are in total agreement with those 372 

obtained by the conventional Charpy test. Nevertheless, with regard to composites with 373 

the same number of basalt and flax plies with different stacking sequences (B4F4 and 374 

B4F4 alt), it is possible to observe some differences with the results obtained by the 375 

Charpy test. Although there is a correlation between these two tests, the conditions are, 376 

obviously, different since the Charpy considers energy absorption in a very short period 377 

of time (impact) while the tensile test offers the energy absorption in a larger period of 378 

time. Therefore, it is possible to conclude that the way the load is applied can influence 379 

the final energy absorption as in this case. With regard to the maximum stress before 380 

failure occurs, Table 4 shows the same tendency observed by flexural tests. The 381 

maximum stress value for the notched sample in this tensile test corresponds to the B8F0 382 

laminate with a value of 211.9 MPa. On the contrary, the lowest value can be detected 383 

for the all-flax composite (B0F8) with a maximum tensile stress of 21.7 MPa. As the basalt 384 

plies are exchanged by flax plies, the maximum tensile stress decreases.  385 
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Figure 3 386 

Table 4 387 

The fractured surfaces of the hybrid composite plates from impact tests were 388 

observed by FESEM in order to assess the effectiveness of the coupling agent in terms of 389 

the interface phenomena of the reinforcing fibers and the polymer matrix. The polymer-390 

fiber interface gives an idea of the effect of the coupling agent treatment on mechanical 391 

properties. Figure 4a and 4b correspond to the fracture of the all basalt (B8F0) composite 392 

laminate. It can be observed that there are no discontinuities between the matrix and the 393 

surrounding fibers, that is, which indicates good wettability of the fiber resin with the 394 

resin. This is because the coupling agent (glycidyl silane) has an epoxy functionality that 395 

can react with both basalt fiber and epoxy matrix. The coupling between the glycidyl 396 

silane and the basalt fiber takes place by the condensation reaction of the hydrolyzed 397 

silane and the hydroxyl groups in the outmost layers of basalt fiber. This chemical 398 

anchorage of the silane onto the basalt fiber is achieved during the pre-treatment stage, 399 

and there is still a glycidyl group which can be able to react with the epoxy resin during 400 

the crosslinking. For this reasons, coupling agents act as a physical bridges between the 401 

fibers and the matrix and this allows good material’s cohesion and continuity which has 402 

a positive effect on mechanical performance as described by España et al. [57]. As one 403 

can see, the individual fibers show a very rough surface which corresponds to the failure 404 

of the epoxy matrix instead of fiber debonding or pull-out, which is indicating good 405 

interface interactions as reported by Samper et al. [46]. The fracture surface 406 

corresponding to all-flax composite plate (B0F8) is shown in Figure 4c and 4d. As it can 407 

be seen, there are some small gaps around the flax fibers, which leads to poor interaction 408 

between the fiber and the epoxy resin. This is indicating that the fiber is not well 409 

embedded into the epoxy resin, even with the previous silanization process. As reported 410 

by Bertomeu et al. [58], in flax/epoxy composites, the gap around the fiber and the 411 



 17 

surrounding matrix can be reduced by using conventional silanization treatment on flax 412 

fabrics; nevertheless, this gap does not disappear. The presence of these gaps does not 413 

allow right load transfer from the epoxy matrix to the flax fiber, and this has a negative 414 

effect on final properties. In addition, it is important to bear in mind that the mechanical 415 

properties of flax fibers are remarkably lower than those of basalt fibers, and all this has 416 

an effect on final performance of all-flax composites [59, 60]. 417 

Figure 4 418 

In order to better ascertain the characteristics of the fractured surfaces of the 419 

hybrid composite laminates from impact test, fractured surfaces were also observed by 420 

optical stereomicroscopy with different ocular magnifying glasses. Figure 5 gathers the 421 

cross-section and the fracture surfaces from impact tests corresponding to the different 422 

hybrid composite laminates. The fractured surface of the all-basalt B8F0 composite plate 423 

is displayed in Figures 5b and 5c which shows the fracture surface is the result of a low 424 

matrix resistance (rigid epoxy matrix) compared to the strong basalt fiber. It is possible 425 

to see that the fibers exhibit small tearing areas at their fracture points, which is 426 

representative for a brittle behaviour of basalt fibers [42]. This is an indication of the 427 

strength these fibers provide to composites and this agrees with the above-mentioned 428 

impact-absorbed energy values which were the highest for B8F0 composite plate, due 429 

mostly to the excellent mechanical properties of the basalt fiber and the good 430 

fiber/matrix interface achieved after the silanization, as observed in the FESEM analysis. 431 

For hybrid composites, the fractured surface always shows the same morphology. As it 432 

can be seen in Figures 5e and 5f, corresponding to the hybrid B6F2 composite plate, the 433 

fracture is caused by the premature failure of the flax fibers, since these present a lower 434 

pull-out length compared to the basalt fibers. This is due to their lower strength 435 

compared to basalt fiber as reported in literature [61, 62]. Although the interface between 436 

the flax fiber and the epoxy matrix is good enough, there is poor interaction with basalt 437 
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plies and, therefore, these laminates show small gaps between the flax and basalt plies, 438 

causing delamination failure at the interface. On one hand, this poor interlaminar 439 

interaction can be caused by the manufacturing process since, the behaviour of both 440 

fibers with the epoxy resin is completely different. On the other hand, the silanized basalt 441 

fibers stablish strong interactions with the epoxy resin while the highly porous flax fiber 442 

absorbs more epoxy resin and this leads to a heterogeneous epoxy distribution in the 443 

plies. The same comments can be done for hybrid composite plates with different 444 

stacking sequences as shown in Figure 5 with increasing the number of flax plies: 445 

Figures 5h and 5i (B4F4), Figures 5k and 5l (B2F6). In all these composites, flax fabrics 446 

fails before basalt fabrics. Figures 5q and 5r show the fractured surface all-flax B0F8 447 

composite laminate. Despite the fiber/matrix interface interaction was relatively good, 448 

the presence of interlaminar gaps was greater, which resulted in a decrease in its 449 

mechanical properties as described previously. Jusoh et al. [63] suggested that the 450 

different nature of natural and basalt fibers resulted in poor interfacial bonding. Possible 451 

premature delamination of the layers may be caused by an internal failure of the 452 

interlayer as occurred in laminates made with glass and flax fibers, and with glass and 453 

jute laminates, that presented a high degree of stretching causing the fibers to pull out 454 

during fracture. 455 

Figure 5 456 

3.2. Thermal and thermomechanical properties of basalt/flax hybrid composite 457 

laminates. 458 

Regarding to the dynamic mechanical thermal behaviour (DMTA) of hybrid 459 

basalt/flax composite laminates, Figure 6 gathers the comparative plots of the storage 460 

modulus (G’) and the dynamic damping factor (tan ) with respect to temperature. 461 

Table 5 includes some characteristic values of G’ at 60 ºC and 125 ºC as to compare the 462 

dynamic performance of the hybrid composites. Figure 6a shows the evolution of the 463 
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storage modulus (G’) as a function of the increasing temperature. It is important to bear 464 

in mind that the storage modulus is directly related to the stiffness of the material and 465 

its elastic behaviour (ability to storage energy when dynamically loaded). It can be seen 466 

that all-basalt B8F0 composite plate has a G’ value of 1.78 GPa at a temperature of 60 ºC. 467 

Above this temperature, between 70 ºC and 110 ºC a remarkable decrease in G’ (about 468 

two-fold decrease) can be observed, which is attributable to the -relaxation of the epoxy 469 

resin or its glass transition temperature (Tg). The -relaxation in crosslinked 470 

thermosetting resins is directly related chain mobility. Below the -relaxation, the chain 471 

mobility into the 3D crosslinked epoxy resin is highly restricted. Nevertheless, above the 472 

-relaxation, the material behaves as a rubber like material and this is a clear evidence 473 

of the structure relaxation. Although the crosslinked structure is not lost, some segments 474 

can move, vibrate, and so on, leading to this rubbery behaviour. The internal structural 475 

stresses due to the fully crosslinked epoxy resin, is relaxed at moderate-to-high 476 

temperatures, thus indicating a transition from a rigid state to a rubbery state, which is 477 

representative for the glass transition temperature (Tg) this movement is made between 478 

the crosslinking points in the glass-to-rubber transition, and this is related to the tan δ 479 

peak [64]. As one can see, a clear decrease in G’ takes place during the -relaxation or 480 

Tg. For example, for the B8F0 composite plate, the G’ value below Tg (at 60 ºC) is 1.78 481 

GPa and this is reduced down to values of 98.4 MPa above the Tg (at 125 ºC). This 482 

indicates that below Tg the material behaves as a stiff and rigid material while above the 483 

Tg, the material has become soft. The hybrid stacking sequence has a clear effect on G’. 484 

The G’ curve for the all-basalt B8F0 composite laminate corresponds to the highest 485 

values of the developed materials. As the flax content increases in hybrid basalt/flax 486 

composites, these plates become less stiff and, subsequently, the G’ characteristic curves 487 

are shifted to lower values. The shape of the curve is the same but all the curves are 488 

moved down which indicate softer composites [16]. This corroborates the data obtained 489 
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by flexural tests; by increasing the number of flax fibers layers the material’s stiffness 490 

decreases. The lowest storage modulus corresponds, as expected, to the all-flax B0F8 491 

composite plate with a value of G’ of 0.57 GPa at 60 ºC. Figure 6b shows the evolution 492 

of the dynamic damping factor which is a measure of the lost energy to the stored energy 493 

ratio, tan (with increasing temperature. The glass transition temperature (Tg) is 494 

gathered in Table 5. Despite there are several criteria to obtain the Tg, one of the most 495 

recognized methods is that based on the peak maximum for the dynamic damping 496 

factor. The glass transition temperature corresponds to the matrix (epoxy resin), and, as 497 

it can be observed, there is not a remarkable change for all hybrid basalt/flax composites 498 

(p<0.05). The Tg is highly dependent on several factors such as the type of epoxy resin, 499 

the functionality, the hardener, the curing cycle, the use of a post-curing cycle, the use 500 

of accelerators, among others [65-67]. Varley et al. [68] have reported a Tg value of a 501 

partially bio-based epoxy resin of about 90 ºC after a curing and a post-curing cycle. They 502 

reported that reinforcing fibers (with or without a previous surface treatment) do not 503 

affect in a remarkable way the Tg. 504 

Figure 6 505 

The dimensional stability has been determined through the estimation of the 506 

coefficient of linear thermal expansion (CLTE) below and above Tg of all composite 507 

laminates in this study. As it can be seen in Table 5, the CLTE of all laminates below Tg 508 

is comprised between 250 m m-1 K-1 and 260 m m-1 K-1, and although small changes 509 

can be observed, they are comprised within the standard deviation (lower than 10%). 510 

These values are typical of a glassy state as the CLTE is directly related to the 511 

deformation ability [58]. Above the Tg it is possible to see some differences; both all-512 

basalt and all-flax composite laminates show a CLTE of 296.0 m m-1 K-1 and 513 

273.2 m m- 1 K-1, respectively, while all hybrid composites show slightly higher CLTE 514 

comprised between 320 – 370 m m-1 K-1. This phenomenon above Tg has been observed 515 
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by Gupta et al. [69] that suggested an additional expansion of the rubber state compared 516 

to the glassy state.  517 

Table 5 518 

 519 

4. Conclusions. 520 

This work has assessed the potential of hybrid basalt/flax composite laminates 521 

with a partially bio-based epoxy resin for applications in engineering. These composite 522 

laminates can be manufactured by the vacuum assisted resin infusion moulding 523 

(VARIM) with excellent reproducibility. A previous treatment of both basalt and flax 524 

fabrics gives enhanced mechanical properties on composites. Obviously, the all-basalt 525 

composite laminate (8 basalt plies) shows the maximum flexural strength and modulus 526 

of 467.9 MPa and 14.7 GPa respectively. But the most important findings of this work is 527 

that hybrid composite laminates containing different flax plies can give interesting 528 

properties from a technical point of view. It is worthy to remark the high flexural 529 

strength and modulus of hybrid composites containing 2 flax plies and 6 basalt plies 530 

(307.7 MPa and 12.2 GPa respectively) and the composite with 4 flax plies and 4 basalt 531 

plies with a flexural strength of 241.9 MPa and a flexural modulus of almost 10 GPA. 532 

These properties allow the use of these composites as potential substitutes of glass and 533 

basalt composites in technical applications. In addition, hybrid basalt/flax composites 534 

give improved environmental efficiency that can positively contribute to a sustainable 535 

development in the field of composite materials. It is important to bear in mind that flax 536 

fibers and the partially bio-based resin offer decreased footprint compared to 537 

conventional petroleum-derived matrices, i.e. epoxies, unsaturated polyesters, vinyl 538 

esters, phenol-formaldehyde resins, among other, and the typical reinforcing fibers in 539 

composites, i.e. carbon, aramid and glass fibers. 540 
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Table captions 667 

Table 1. Physical properties of flax and basalt fibers and their corresponding fabrics used 668 

for composite manufacturing. 669 

Table 2. Composition and stacking sequence of hybrid composite laminates with 670 

different basalt/flax plies. 671 

Table 3. Mechanical properties of basalt/flax hybrid composite laminates with different 672 

stacking sequences obtained from flexural and Charpy tests. 673 

Table 4. Mechanical properties of basalt/flax hybrid composite laminates with different 674 

stacking sequences obtained tensile tests on notched samples (U type). 675 

Table 5. Thermomechanical properties basalt/flax hybrid laminate composites obtained 676 

by dynamic mechanical thermal analysis (DMTA) and thermomechanical analysis 677 

(TMA). 678 
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 688 

Table 1. Physical properties of flax and basalt fibers, and their corresponding fabrics 689 

used for composite manufacturing. 690 

Properties Basalt fibers Flax fiber 

Density od unsized filament (kg dm-3) 2.67 1.5 

Moisture content (%) 0.1 - 

Melting point (ºC) 1350 - 

Weave type  Twill 2/2 Twill 2/2 

Fiber diameter (µm) 17 20 

Young Modulus (GPa) 85 50 

Yarn density: warp (ends cm-1) 3.8 7 

Yarn density: weft (ends cm-1) 3.8 7 

Ply thickness (mm) 0.53 0.6-0.8 

  691 



 28 

Table 2. Composition and stacking sequence of hybrid composite laminates with 692 

different basalt/flax plies. 693 

Code 

Ply number 

ratio 

(basalt/flax) 

Stacking Sequence 
Image view of the cross 

section 

B8F0 8/0   

B6F2 6/2 
  

B4F4 4/4   

B2F6 2/6   

B4F4alt 4/4 
  

B0F8 0/8 
  

   Basalt fabric ply  Flax fabric ply  

 694 

  695 
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Table 3. Mechanical properties of basalt/flax hybrid composite laminates with different 696 

stacking sequences obtained from flexural and Charpy tests. 697 

Code Flexural properties Impact strength 

(kJ m-2) f (MPa) Ef (GPa) 

B8F0 467.9±83.3a 14.7±1.0a 116.9±2.1a 

B6F2 307.7±53.9a 12.2±0.7b,a 88.0±5.7b 

B4F4 241.9±39.6b 9.5±0.4c 64.0±4.8d,e 

B2F6 129.7±24.7c,d 6.4±0.4d 58.1±1.2e,d 

B4F4alt 156.5±28.6d,c 4.0±0.2e 77.8±5.0c 

B0F8 51.5±10.2e 2.2±0.1f 9.0±0.8f 

a-f different letters in the same column indicate a significant difference among the samples p<0.05 698 

  699 
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Table 4. Mechanical properties of basalt/flax hybrid composite laminates with different 700 

stacking sequences obtained tensile tests on notched samples (U type). 701 

Code 
𝛔t (MPa) 𝛆b (%) 

Area  

(MN m m-3) 

B8F0 211.9±13.8a 23.0±0.8a 25.06±2.03a 

B6F2 146.8±18.1b 21.1±2.8a,c 15.41±1.24b 

B4F4 104.8±12.9c 19.7±0.5b,c,a 9.69±1.02c 

B2F6 54.9±12.8e 11.4±3.0d 3.39±0.31d 

B4F4alt 85.9±5.4d 18.3±1.0 c,b,a 5.65±0.49e 

B0F8 21.7±6.8f 16.2±3.5c,b,a 1.77±0.15f 

a-f different letters in the same column indicate a significant difference among the samples p<0.05 702 

 703 
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Table 5. Thermomechanical properties basalt/flax hybrid laminate composites obtained 705 

by dynamic mechanical thermal analysis (DMTA) and thermomechanical analysis 706 

(TMA). 707 

Code 

DMTA results CLTE (m m-1 K-1) by TMA 

Tg (ºC) 
G’ at 60 ºC 

(GPa) 

G’ at 125 ºC 

(MPa) 
Below Tg Above Tg 

B8F0 90.1±1.8a 1.78±0.04a 98.4±2.0a 260.9±17.2a,b 296.0±17.0a,b 

B6F2 91.1±2.0a 1.47±0.03b 69.3±1.7b 256.1±21.0a,b 323.6±18.8a 

B4F4 91.8±2.1a 1.07±0.03d 64.9±1.1c 245.7±19.2b,a 367.8±19.2c 

B2F6 90.4±2.3a 1.37±0.05c 91.3±2.2a 254.2±21.8a,b 320.6±17.1a 

B4F4alt 90.4±1.3a 1.35±0.04c 62.3±1.6c 260.3±22.8a,b 376.9±22.1c 

B0F8 90.9±1.5a 0.57±0.01e 26.6±0.5d 250.9±20.3a,b 273.2±20.7b,a 

a-e different letters in the same column indicate a significant difference among the samples p<0.05 708 

 709 
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Figure captions 711 

Figure 1. Detail of “U” type notched samples for Charpy test to evaluate the impact 712 

strength of hybrid composite laminates with different basalt/flax plies with a partially 713 

bio-based epoxy resin. 714 

Figure 2. Field emission scanning electron microscopy (FESEM) images at different 715 

magnifications (x200 left column, x1000 right column) corresponding to surface 716 

morphology of (a)-(b) As-received basalt fibers, (c)-(d) Untreated flax fibers, (e)-(f) Basalt 717 

fibers subjected to cleaning + heat treatment, (g)-(h) Silanized basalt fibers and (i)-(j) 718 

silanized flax fibers. 719 

Figure 3. Stress-strain curve plots of notched samples (U type) of basalt/flax hybrid 720 

composite laminates with different stacking sequences obtained from tensile tests. 721 

Figure 4. Field emission scanning electron microscopy (FESEM) images at different 722 

magnifications (200x left column, 500x right column) corresponding to fractured 723 

surfaces from impact tests of composites with different fibers embedded into an epoxy 724 

resin matrix, (a)-(b) all-basalt B8F0 composite plate, (c)-(d) all-flax B0F8 composite plate. 725 

Figure 5. Stereomicroscopy images at different magnifications (X16, left and central 726 

column; X40 right column) corresponding to the cross section and the fracture surfaces 727 

from impact tests of (a)-(b) -(c) B8F0, (d)-(e) -(f) B6F2, (g)-(h) -(i) B4F4, (j)-(k) -(l) B2F6, (m)-728 

(n) -(o) B4F4alt, (p)-(q) -( r) B0F8. 729 

Figure 6. Dynamic mechanical thermal analysis (DMTA) behaviour of hybrid basalt/flax 730 

composite laminates with different stacking sequences, (a) storage modulus – G’ and (b) 731 

dynamic damping factor, tan (. 732 

 733 

 734 

 735 
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 742 

Figure 2. Field emission scanning electron microscopy (FESEM) images at different 743 

magnifications (x200 left column, x1000 right column) corresponding to surface 744 

morphology of (a)-(b) As-received basalt fibers, (c)-(d) Untreated flax fibers, (e)-(f) Basalt 745 

fibers subjected to cleaning + heat treatment, (g)-(h) Silanized basalt fibers and (i)-(j) 746 

silanized flax fibers.  747 
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 748 

Figure 3. Stress-strain curve plots of notched samples (U type) of basalt/flax hybrid 749 

composite laminates with different stacking sequences obtained from tensile tests. 750 
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 752 

Figure 4. Field emission scanning electron microscopy (FESEM) images at different 753 

magnifications (200x left column, 500x right column) corresponding to fractured 754 

surfaces from impact tests of composites with different fibers embedded into an epoxy 755 

resin matrix, (a)-(b) all-basalt B8F0 composite plate, (c)-(d) all-flax B0F8 composite plate. 756 
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 758 

Figure 5. Stereomicroscopy images at different magnifications (X16, left and central 759 

column; X40 right column) corresponding to the cross section and the fracture surfaces 760 

from impact tests of (a)-(b) -(c) B8F0, (d)-(e) -(f) B6F2, (g)-(h) -(i) B4F4, (j)-(k) -(l) B2F6, (m)-761 

(n) -(o) B4F4alt, (p)-(q) -( r) B0F8. 762 
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(a) (b) 

Figure 6. Dynamic mechanical thermal analysis (DMTA) behaviour of hybrid basalt/flax 763 

composite laminates with different stacking sequences, (a) storage modulus – G’ and (b) 764 

dynamic damping factor, tan (. 765 

 766 
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Scheme captions 770 

Scheme 1. Stages of the vacuum assisted resin infusion molding (VARIM) of hybrid 771 

composite laminates with different basalt/flax plies with a partially bio-based epoxy 772 

resin. a) Defining the stacking sequence, b) Adding the peel-ply and bleeding fabric, c) 773 

Testing the vacuum level to check no leakage and d) Resin infusion assisted by vacuum. 774 
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Scheme 1. Stages of the vacuum assisted resin infusion molding (VARIM) of hybrid 777 

composite laminates with different basalt/flax plies with a partially bio-based epoxy 778 

resin. a) Defining the stacking sequence, b) Adding the peel-ply and bleeding fabric, c) 779 

Testing the vacuum level to check no leakage and d) Resin infusion assisted by vacuum. 780 
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