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Abstract 

Due to its good mechanical characteristics, low cost and high availability in the current market, sisal 

fiber is one of the most used for the manufacturing of non-structural eco-friendly components in 

various industrial fields (automotive, marine, civil construction etc.) although recently, as it was 

expected, its use has been proposed also for the implementation of high performance biocomposites 

laminates to be employed for structural applications. The particular sub-fibrillar structure of the sisal 

fiber (similar to aramid fibers) and the corresponding anisotropic behaviour detected by recent 

research activities, suggest that such biocomposites should exhibit also high impact strenght, in such a 

way to permit its advantageously use also for the manufacturing of crashworthy components 

(bumpers, helmets, protection systems for operating machines etc.), that are at the same time also eco-

friendly, lightweight and cheap. Through a low-velocity impact tests campaign, integrated by 

computer tomography (CT) and carried out on various “green epoxy”/sisal biocomposites laminates, 

by varying the main influence parameters such as reinforcement distribution, fiber volume fraction and 

laminate lay-up, it has been detected that angle-ply laminates with high fiber volume fraction exhibits 

specific impact performances superior to those of biocomposites reinforced by other natural fibers 

(flax, hemp, jute, ramie etc.), and comparable with those of the best composites specially reported in 

literature, so that they can be actually used to substitute the synthetic materials for the manufacture of  

interesting eco-friendly energy absorbing devices, that are also lighter and cheaper.
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1. INTRODUTION 

The use of natural fibers (flax, hemp, jute, sisal, ramie, coconut, etc.) for the manufacturing of 

innovative biocomposites characterized by good mechanical performance, lightweight and low cost is 

very successful, has widely corroborating by the high number of review articles published recently [1-



22]; when combined with proper eco-friendly and/or renewable biopolymers, they allow to obtain 

interesting completely renewable biocomposites, compostable or biodegradable.

These fibers generally have good mechanical properties, good acoustic and thermal insulation, 

combined with low damage during biocomposite manufacturing and easy workability. Moreover, they 

are characterized by low specific weight and low cost (both always less than those of the synthetic 

fibers) so that, unlike synthetic fibers, their application for the reinforcement of biopolymers allows 

not only to improve their mechanical performance, but also to reduce weight and cost of the final 

components. For these reasons, biocomposites are currently very attractive in different industrial fields  

(automotive, marine , civil construction, etc.) for non-structural applications, although recently several 

research works have also been addressed to the development of high performance biocomposites that 

can be used for structural applications. In more detail, various studies have also been carried out to 

improve the mechanical characteristics of biocomposites: from the development of suitable fiber 

treatments [23-31] mainly aimed to the improvement of the fiber-matrix adhesion, to the use of fillers 

able to increase the mechanical characteristic of the fibers [32, 33], to the experimentation of hybrid 

biocomposites obtained by the combination of different types of natural fibers [34-36] or the mixture 

of natural and synthetic fibers [37].

Among the various natural fibers used for the manufacturing of biocomposites, particularly interesting 

is the agave sisalana fibre (sisal), characterized by short replacement times, high availability in the 

current market, possibility of cultivation on marginal soils, but also good stiffness and mechanical 

strength combined with low cost and good compatibility with many polymeric matrixes [38-60]. Also, 

the intimate fibrillar structure makes it the natural fiber with the highest hardness, comparable with 

that of the fiberglass; the close similarity to the aramid fibres (kevlar, etc.) makes think to a good 

behaviour to the impact and fracture and, consequently, to its advantageous use for the manufacturing 

of innovative energy absorbing devices in various field of the industrial production as automotive, 

shipbuilding, earth-moving machines etc. However, these properties have not yet been clearly 

demonstrated, as the most literature works, have mainly concerned the evaluation of the static 

mechanical properties of these biocomposites.

Several studies are available in the literature on the evaluation of the response to impact of composites 

laminates [61-99], and various research works have considered biocomposites and hybrid 

biocomposites reinforced by natural fibers [61-81], among which the most studied one has been the 

flax fibre.

In particular, in [63] Wang et al. have analysed the influence of the laminate thickness in the impact 

response of epoxy biocomposites reinforced by flax fibres, showing a simple linear relationship 

between specimens thickness and impact strength (energy absorption capabilities).

In [64], Al-hajaj et al. have carried out the first experimental investigations on new carbon/flax hybrid 

composites for impact damage assessment; such hybrid composites have been found to exhibit better 

penetration strength than only flax reinforced biocomposites.



In [65] Sarasini et al. have demonstrated that the greater ductility of basalt fibers compared to carbon 

fibres, allows the user to obtain hybrid composites with greater global strain, increased surface 

damaging and improved energy absorption capability; in [66] the same authors also considered 

carbon/flax hybrid composites.

In [69], by analyzing ternary hybrid composites reinforced by flax/basalt/carbon with epoxy matrix, 

Nisini et al. have demonstrated how impact loading give rises to significant delamination at the 

interface between the flax and basalt layers. It has been also detected the significant influence of the 

laminate lay-up on the impact fracture growth patterns.

In [81], Al-Maharma et al. have highlighted the mutual correlation between the main factors 

influencing fracture and impact strength of biocomposites. In particular, they pointed out that a weak 

fiber/matrix adhesion corresponds to a great capability to dissipate impacting energy through pull-out 

damage mechanisms. However, this capability varies significantly with type, distribution and volume 

concentration of the fiber, whereas it is in general only slight influenced by the peculiar matrix 

properties [82].

In [90] by considering glass fiber composites, Evci et al. have shown that the choice of the type of 

fabric used as reinforcement in polymeric composites influences significantly the impact behaviour. In 

particular, they have observed how composites reinforced by unidirectional stitched fabrics, although 

exhibit higher static strength, in terms of impact strength they are less performing than composites 

reinforced by woven fabrics.

In [91] through numerical analysis of the impact damage mechanisms of carbon composites with 

different helical lay-up, Jiang et al. have shown that a greater angle of rotation between the laminae 

increases the cracking path of the matrix and thus the impact strength.

In [92-95] the authors have shown how the post-impact evaluation of the internal damage phenomena 

as well as of the fracture mechanisms of composites, can be accurately carried out by non-destructive 

techniques, such as computed tomography (TC) [100-102], thermography [103] and ultrasonic 

techniques.

Despite the interesting dynamic performance expected from biocomposites reinforced by agave fibres, 

to date none systematic study of the impact behaviour of such materials has yet been carried out. 

Therefore, in order to give a contribution in this regard, through drop-weight low-velocity impact tests 

the present work performs a detailed analysis of the impact behaviour of biocomposites reinforced by 

agave fibers by varying the main influence parameters, such as fiber distribution (random, 

unidirectional), volume concentration and lay-up (unidirectional, cross-ply, quasi-isotropic). Also, the 

damage mechanisms and the collapse processes of the specimens subjected to impact tests is analysed 

in detail by using high resolution computed tomography (CT). Finally, accurate analyses of the results 

are performed in order to implement reliable models that can be used to predict the impact behaviour 

at the design stage.   



2. MATERIALS: REINFORCEMENT FIBER AND MATRIX 

2.1 Reinforcement fiber

The sisal fibers used for the manufacturing of the biocomposites considered in the present research 

work, are the so called structural fibers that can be considered a completely renewable material 

because they are not submitted to any chemical treatment. Before their use for the biocomposite 

manufacturing they have been only subjected to a simple drying process accomplished by using an 

electrical resistance oven, at a controlled temperature of 75 °C for about 1 hour.  

Tab. 1 shows the density ρf of the selected fibers and the relative longitudinal mechanical properties as 

the tensile strength , tensile Young modulus  and the failure strain  determined by proper 𝜎(𝑓)
𝐿,𝑅 𝐸(𝑓)

𝐿 𝜀(𝑓)
𝐿,𝑅

single-fiber tensile tests [104]. Noteworthy the optimal value of the longitudinal failure strain, equal to 

1.75%, that for a good quality composite has to take values lower than the failure strain of the matrix; 

as it is well known in the mechanics of composites, such a condition avoids significance limitations of 

the mechanical strength due to failure phenomena of the matrix with consequent premature composite 

failure associated with matrix micro-cracking and/or fiber/matrix debonding.

2.2 Matrix

The matrix used for the manufacturing of the biocomposites, is a green epoxy resin called SUPERSAP 

CNR (with IHN hardener) and produced by Entropy Resin Inc. (CA), USA. As it has been shown in 

previous studies of the same authors [51-60], such a resin has good mechanical characteristics, 

synthetically reported in Tab.2. In detail, it exhibits a strain failure value higher than that of the sisal 

fibers considered (see Tab.1), so that it allows to obtain good quality biocomposites. 

3. BIOCOMPOSITE MANUFACTURING 

The biocomposites have been proper manufactured by using a unidirectional stitched fabric and a 

MAT type (discontinuous fiber randomly oriented) fabric, both purposely implemented in laboratory.

In more detail, unidirectional fabrics having a specific weight of 225 g/m2 with orientation of 0° 

(Fig.1a) and 45° (Fig.1b), has been obtained by the manual stretching of the fibers (to eliminate the 

natural fiber undulations), the successive accurate mutual alignment by placing them in parallel 

bundles, and a final stitching by using an automatic sewing machine. 

MAT fabrics with specific weight of 255 g/m2 (Fig.1c), have been manufactured by placing randomly 

discontinuous fibers (length of 60÷70 mm) properly pre-impregnated by spraying the same green 

epoxy resin with a suitable compressed air device.

By using these fabrics, various laminates have been manufactured by hand lay-up followed by an 

optimized “compression moulding” process [51-60], carried out through a plane mould of 260 x 260 

mm, and a hydraulic press of 100 tons. In order to optimize the quality of the laminates, successively 



they have been subjected to a suitable curing process accomplished by using an electrical resistance 

oven, at a controlled temperature of 80 °C for about 120 min.

In Tab.3 the various types of laminates so obtained are listed (all having thickness of 3.5 mm), along 

with the corresponding fiber volume fraction Vf and lay-up. In particular, three different long fiber lay-

up have been manufactured: unidirectional (UD), cross-ply (CP) and quasi-isotropic (QI); for each lay-

up three different fiber volume fractions have been considered: Vf = 35%, 50% and 70%. Also, by 

using the MAT fabrics, three laminates having Vf = 15%, 30% and 35%, have been obtained (as it is 

well known the random fiber distribution allows to obtain good quality laminates only with Vf  values 

less than 30-35%).

From each laminate, rectangular (25 x 260 mm) specimens for tensile tests and square (60 x 60 mm) 

specimens for low-velocity impact tests (see Fig.2), have been cut by using a Proxxon type circular 

saw.

4. EXPERIMENTAL TESTS

4.1 Static tensile tests

The various biocomposite laminates have been first characterized by tensile tests, carried out by using 

a servo-hydraulic material test machine type MTS 810, instrumented by an MTS extensometer having 

a measuring base of 25 mm. The tests have been performed in accordance with the ASTM standard 

D3039/D D3039M [105]. For each biocomposite laminate considered, the following Tab.4 shows the 

detected mean values of tensile strength L,R, failure strain L,R and tensile Young modulus L (values 

that are not dependent on the load direction for QI and MAT laminates). From Tab.4 it is observed 

how the tensile characteristics of UD, CP and QI laminates obey to the rule of mixture (ROM), i.e. 

they increase almost linearly with Vf. In more detail, the UD biocomposites exhibit a maximum tensile 

strength of 471.4 MPa for Vf = 70%, value that is significantly higher than that of the other CP (275.3 

MPa) and QI (161.5 MPa) configurations examined. In other words, cross-ply and quasi-isotropic 

laminates have a tensile strength respectively of about 65% and 35% of the unidirectional one. 

Noteworthy is that, unlike previous laminates, the tensile strength of the MAT laminates is a non-

monotonic function of Vf, with a maximum absolute value of 51.2 MPa (slightly higher than that of the 

matrix alone) for Vf = 30 % [51].

4.2 Impact tests

The impact characterization of the biocomposites considered, have been carried out by “drop-weight” 

tests, i.e. through low-velocity impact tests. In detail, the impact tests have been performed by using a 

Ceast Fractovis Plus (see Fig.3a,b) test machine, equipped with a special system that allows to 

eliminate possible multiple impacts. The machine is equipped by an impactor having a hemispherical 



tip with a nominal diameter of 20 mm (Fig.3b,c). During the tests, the specimens have been simply 

supported on a rigid metallic ring (Fig.3b,c) having an internal diameter of 40 mm.

For each type of biocomposite laminate considered, the impact tests have been performed by using an 

impacting mass of 6.5 kg and different values of the impact energy Ei have been obtained by varying 

properly its initial drop height. In particular, for each type of biocomposite the tests have been carried 

out by increasing the impact energy until the complete penetration of the whole specimen was 

observed; in practice, impact energies ranging from 5 to 30 J, with corresponding impact velocity 

ranging from about 1.25 to 3.00 m/s, have been used. By using samples consisting of 3 specimens for 

each examined biocomposite, about 100 impact tests have been performed at all.

The test machine provides the impact force Fi(t) that the striker applies to the specimen during the test, 

and its corresponding displacement s measured from the initial impact position; from such 

measurements the total energy Ea absorbed by the specimen and the possible elastic return energy Ee,r, 

can be immediately computed by integrating the force-displacement curve Fi(s), whose characteristics 

are generally strictly related to the particular material examined. 

In order to examine such particular characteristics, Fig.4 shows the results in terms of the Fi(t) and 

Fi(s) curves provided by the impact test of the QI biocomposite laminate having Vf = 35%, carried out 

by using a relatively low impact energy Ei = 10 J, which causes only a partial damage of the laminate.

In detail, from the force-time curve Fi(t) (see Fig.4a) it is possible to identify three characteristic 

parameters such as: 1) the first impact damage force , which corresponds to the point of the curve 𝐹𝐹𝐼𝐷
𝑖

where the first abrupt load reduction with subsequent restart occurs, 2) the peak force or maximum 

impact force  and 3) the force of the monotone load reduction , which corresponds to the 𝐹𝑀𝐴𝑋
𝑖 𝐹𝑀𝐿𝑅

𝑖

point from which the curve becomes decreasing in a monotonic way. In case of partial damage of the 

examined specimens (absence of complete perforation), as it is the examined case, this last 

characteristic point corresponds in practice to the start point of the elastic return. Therefore, in the 

diagram of the Fi(t) curve it is possible to identify four different zones: zone I included between the 

origin and the first impact damage force , corresponding to the elastic behaviour of the material, 𝐹𝐹𝐼𝐷
𝑖

zone II included between  and , corresponding to the progressive elasto-plastic damage until 𝐹𝐹𝐼𝐷
𝑖 𝐹𝑀𝐴𝑋

𝑖

the maximum force is reached, zone III included between  and , corresponding to the 𝐹𝑀𝐴𝑋
𝑖 𝐹𝑀𝐿𝑅

𝑖

successive elasto-plastic damage after  is reached, and zone IV beyond , which corresponds 𝐹𝑀𝐴𝑋
𝑖 𝐹𝑀𝐿𝑅

𝑖

to the elastic return of the specimen.

It is important to observe how in this case (QI specimens) the deviation from the linear behaviour 

occurs for a relatively high impact force level, equal to about 85-90% of the maximum load.

These characteristic force values and the relative zones above defined, can also be detected in the 

diagram of the Fi(s) curve reported in Fig.4b, whose areas correspond to characteristic energy values. 

First of all, it is to be noted how in the examined case of partial damage, the diagram has a 

characteristic closed shape, and the closed integral represents the total energy Ea absorbed by the 



specimen, that is the energy dissipated through the peculiar damaging mechanisms. In particular, the 

area corresponding to the zone I represents the energy Ea,e absorbed by the specimen in the elastic 

phase, the area corresponding to the zones II+III represents the energy Ea,p absorbed through elasto-

plastic damaging processes, whereas the area corresponding to the zone IV represents the energy Ee,r 

associated to the elastic return of the specimen. In quantitative terms, the energy Ea,e absorbed in the 

elastic phase is equal to about 25% of the impact energy, the energy Ea,p absorbed in the elasto-plastic 

phase is equal to about 50% of the impact energy (about twice the elastic one), whereas the energy Ee,r 

that characterizes the elastic return of the specimen, is also about 25% of the impact energy. 

Therefore, the total energy absorption Ea (about 7.5 J) is equal to the 75% of the impact energy (10 J).

In case of complete damage of the specimen (striker pierces the whole specimen) the trends of the 

diagrams of Fi(t) and Fi(s) differ from those above shown in Fig.4a and 4b; in this case, in fact, the 

elastic return became negligible or null and  coincides in practice with , as it is shown, as an 𝐹𝑀𝐴𝑋
𝑖 𝐹𝑀𝐿𝑅

𝑖

example, in Fig.5 that describes the results relative to the impact test of the CP biocomposite laminate 

having Vf = 35% and subjecting to an impact energy Ei = 20 J. In this case, only the first three phases 

are observed (phase IV does not exist) and the phase III is characterized by a curve Fi(s) tending to 

zero for the maximum s value (total perforation). Obviously, in this case of complete penetration, the 

total energy absorbed by the specimen (about 16.1 J), corresponding to the total area under the Fi(s) 

curve, represents the impact strength Es of the specimen (less than the impact energy Ei =20 J). It is 

important to note how, unlike the previous case of QI laminate, in the case of CP laminate the value of 

the first damage force is relatively low (  =1175 N) with respect to the maximum load (𝐹𝐹𝐼𝐷
𝑖 𝐹𝑀𝐴𝑋

𝑖

2140 N), i.e.   0.5 ; as it will see in the following, such a result indicates the premature 𝐹𝐹𝐼𝐷
𝑖 𝐹𝑀𝐴𝑋

𝑖

delamination of the CP laminates respect to the QI laminates, due to the higher mean angular deviation 

between successive laminae.

5. ANALYSIS OF RESULTS AND DAMAGE EVALUATION

The results of the impact tests carried out by varying the lay-up of the laminate, the fibre volume 

fraction and the impact energy, are synthetically shown in  Figs.6 and 7. A detailed analysis of such 

results for each laminate type, is reported in the following sections.

5.1 UD laminates

The three different unidirectional biocomposite laminates considered with Vf = 35%, 50% and 70%, 

have been tested with 3 distinct levels of impact energy Ei = 5 J, 7 J and 10 J. Figs.6a and 6b show the 

images after the impact test of the specimens having Vf =35% and 70% respectively. Qualitatively 

similar results have been obtained for specimens with Vf = 50% which, for simplicity sake, are not 

shown in Fig.6. From these images, it can be observed how although for low impact energies the 

damage consists into the classical surface indentation whose area SD increases with the impacting 



energy, for any Vf  value the complete failure of the UD specimens occurs always for an impact energy 

Ei = 10 J and it is always associated with a particular damage mechanism that does not give rise to the 

classic perforation but to a typical “transverse” failure with fracture surface parallel to the fibers 

direction; in detail such fracture surface involves both the matrix, that collapses by transversal tensile, 

and the fibers that failures by transversal splitting [106].

The analysis of the characteristic curves Fi(t) and Fi(s) shown respectively in Figs.7a and 7b, as well 

as of the corresponding numerical values of , , Es, Ea,p and Ea,e reported in Tab.5, shows how 𝐹𝐹𝐼𝐷
𝑖 𝐹𝑀𝐴𝑋

𝑖

the peak force is subject to a slight decrease when Vf increase; more significant is instead the decrease 

of the first impact damage : about -15% moving from Vf =35% to Vf =70%. However, the highest 𝐹𝐹𝐼𝐷
𝑖

reduction (of about -30%) regards the energy Ea,e absorbed in the elastic phase: from 2.7 J for Vf =35% 

to 1.9 J for Vf =70%. Such phenomena are evidently related to the brittle tensile failure of the 

thermosetting matrix due to the bending effects associated to the impact, as well as to the low 

transversal strength of the sisal fibers due to the typical transversal splitting [106]. However, the 

impact strength Es increases appreciably (of about 33%) with Vf , moving from 7.3 J for Vf =35% to 9.7 

J for Vf =70%, indicating clearly that, although the transversal mechanical strength decreases with Vf 

because the transversal strength of the fiber is lower than the matrix one [106], the specific energy 

associated with the splitting of the fibers is instead significantly superior to that associated to the 

tensile failure of the matrix. 

Taking into account  the above mentioned damage processes of matrix and fibers, by using the 

representative volume element (RVE) of the Periodic Microstructure Model (PMM) [107] 

schematically reported in Fig.8a, it is possible to correlate the impact strength Es with the energy  𝐸(𝑠𝑝)
𝑓  

absorbed by the fibres during the splitting damaging and the energy  absorbed by matrix during 𝐸(𝑡𝑒)
𝑚

the tensile damaging by the following simple energy-balance relationship:

  𝐸𝑠 = 𝐸(𝑠𝑝)
𝑓   2 

𝑉𝑓

𝜋 + 𝐸(𝑡𝑒)
𝑚  (1 ‒ 2

𝑉𝑓

𝜋 ) (1)

Fig.8b shows the curve obtained by fitting the values of Es detected experimentally (see Tab.5) by 

Eq.1; it is possible to observe a very good accordance between the PMM model and the experimental 

evidence (deviations less than 5%). Moreover, the analytical expression of the fitted curve computed 

for Vf = 0 and Vf = /4 provides immediately the unknown value of   and  as: 𝐸(𝑠𝑝)
𝑓 𝐸(𝑡𝑒)

𝑚

        𝐸(𝑠𝑝)
𝑓 =  9.84  𝐽;        𝐸(𝑡𝑒)

𝑚 =  1.79  𝐽

These values show that, as qualitatively expected due to the intimate sub-fibrillar structure of the sisal 

fibre [106] and the brittle behaviour of the thermosetting resins, the impact strength of the fibre is 

about 5 times higher than that of the epoxy matrix. Consequently, unlike various composites 

reinforced by synthetic fibres, the impact strength of the examined unidirectional biocomposites 



increases significantly with the fibre volume fraction, as occurs for the longitudinal static strength too. 

It is possible therefore to observe that although for "transversal tensile failure" the static splitting 

strength of the fibres is significantly lower than the tensile strength of the matrix [106], in terms of 

energy absorbed under impact loading, the scenery reverses, fully confirming the high impact strength 

expected for the sisal fibres and, consequently, for the corresponding biocomposites, thanks to the 

high energy absorption associated to the fiber splitting. 

5.2 CP laminates 

The impact tests carried out on cross-ply biocomposite laminates have shown that for Vf =35% the 

complete penetration (perforation) is obtained by using an impact energy Ei =20 J, whereas for Vf 

=50% and Vf =70% it is obtained for Ei = 25 J and 30 J respectively (see Figs.6c and 6d concerning the 

two extreme Vf =35% and 70% cases). As it can be observed from the “back” face of Figs.6c and 6d, 

for these laminates the perforation involves fibre failure by longitudinal tensile and matrix collapse by 

shear stresses associated with interlaminar delamination. In detail, the experimental evidence shows 

that the damaged zone of the “front” surface has the circular shape of the impactor with diameter that 

tend to that of the impactor when the penetration tends to the complete perforation. Very different 

appears instead the damage of the “back” surface that exhibits an irregular shape with dimension 

superior to the diameter of the impactor; also, it is typically characterized by significant interlaminar 

delamination phenomena.

In more detail, the analysis of the impact curves (see Fig.6c and 6d) and of the numerical values 

reported in Tab.5 shows that, unlike previous unidirectional case, the first impact damage force and 

the peak force increase appreciably with Vf. In particular, by moving from Vf =35% to Vf =70%  𝐹𝐹𝐼𝐷
𝑖

and  increase of about 140% and 66% respectively. Also, the absorbed elastic energy Ea,e is 𝐹𝑀𝐴𝑋
𝑖

subjected to significant increments (+550%) by passing from 1.2 J to 7.8 J, whereas the impact 

strength Es increases from 16.1 J to 29.9 J (about +85%), with increments almost directly proportional 

to Vf. 

Taking into account the main damaging processes (longitudinal tensile failure of the fibers and 

delamination failure of the matrix) it is possible to write that the impact strength Es of the CP 

biocomposites examined, is given by the simple average weight of the energy  absorbed by the 𝐸(𝑡𝑒)
𝑓

fibres during the tensile failure, and of the energy  absorbed by the matrix during the 𝐸(𝑑𝑒)
𝑚

delamination process, i.e.:

        𝐸𝑠 = 𝐸(𝑡𝑒)
𝑓   𝑉𝑓 + 𝐸(𝑑𝑒)

𝑚  (1 ‒ 𝑉𝑓) (2)

The fitting procedure of the experimental values of (see Tab.5) by using the straight line 𝐸𝑠 

represented by Eq.2 (see Fig.9), permits to compute immediately the unknown values of the specific 

energy  and ; it provides:𝐸(𝑡𝑒)
𝑓 𝐸(𝑑𝑒)

𝑚



        𝐸(𝑡𝑒)
𝑓 =  42.29   J;        𝐸(𝑑𝑒)

𝑚 =  3.07   J

From such values it is possible to observe how under longitudinal tensile loading the impact strength 

 of the fibers is about 4 times higher than the above determined strength  of the same fibres 𝐸(𝑡𝑒)
𝑓 𝐸(𝑠𝑝)

𝑓

under transversal tensile loading (splitting); also, as it is expected, the matrix impact strength  𝐸(𝑑𝑒)
𝑚

associated to the interlaminar delamination is higher (about +72%) than the strength  of the 𝐸(𝑡𝑒)
𝑚

same matrix associated to tensile loading (it is well known, in fact, that under shear loading the 

thermosetting resins exhibits more plasticity than under tensile loading).

5.3 QI laminates 

The impact tests performed the on the quasi-isotropic biocomposites laminates have shown that the 

perforation of such laminates occurs for the same impact energies before detected for the CP laminates 

(20 J, 25 J and 30 J for Vf =35%, 50% and 70% respectively), as it is shown in Figs.6e and 6f 

concerning the two extreme Vf =35% and 70% cases. Similar are also the main damaging processes 

observed: fibre failure by longitudinal tensile and matrix collapse by shear associated with 

interlaminar delamination. Also in this case, the damaged zone of the front surface has the circular 

shape of the impactor, whereas the damaged zone of the back surface appears characterized by 

irregular shape with dimension superior to the impactor, with evident delamination phenomena.

Also, the analysis of the characteristic impact curves and of the numerical values reported in Tab.5, 

shows that, similarly to CP laminates, both  and  increase appreciably with Vf ; in detail, 𝐹𝐹𝐼𝐷
𝑖 𝐹𝑀𝐴𝑋

𝑖

passing from Vf =35% to Vf =70% increases of about 180%, whereas  redoubles as Vf. 𝐹𝐹𝐼𝐷
𝑖  𝐹𝑀𝐴𝑋

𝑖

Moreover, the absorbed elastic energy increases significantly (+230%) by passing from 3.2 J to 

10.8 J, whereas the impact strength increases from 18.9 J to 29.8 J (about +60%), with increments 

that are also in this case almost directly proportional to Vf. From the similar results in terms of total 

absorbed energy, it possible to state that the QI biocomposites laminates have in practice the same 

impact strength of the CP biocomposite laminates. Consequently, Eq.2 and the values of  and 𝐸(𝑡𝑒)
𝑓

 above determined for the CP laminates can be applied also to the QI laminates. 𝐸(𝑑𝑒)
𝑚

Although wider delamination phenomena are observed in the CP laminates, the overall contribution of 

the delamination processes to the impact strength of the biocomposite is in practice the same due to 

the reduced specific absorbed energy compared to the QI case that is characterized by higher specific 

energy, due to higher critical stress delamination values, as confirmed also by the higher values of 

 shown in Tab.5 (values included between 1850 N and 3350 N for QI, between 1175 N and 2825 𝐹𝐹𝐼𝐷
𝑖

N for CP). It is possible therefore to state that although the impact strength of the CP and QI laminates 

is comparable, the QI laminates are slightly more suitable for impact loading, because the impact 

damage of the CP laminate starts for lower loads or, for a fixed impact energy, the QI laminates 

exhibit more limited damaged surfaces.    



5.4 MAT laminates 

The experimental evidence has shown that the complete penetration (perforation) of the MAT 

biocomposites with Vf =15% and 35% is given by an impact energy Ei =10 J, whereas for Vf =30% it 

needs an impacting energy Ei =15 J. In other words, it is seen how the impact strength increases with 

fiber volume fraction but only up to Vf =30%, whereas it decreases for Vf > 30%. This particular non 

monotonic behaviour is similar to what has already been observed for these biocomposites in the 

preliminary tensile tests: under static conditions the tensile strength of such MAT biocomposites has a 

non-monotonic trend, and the maximum strength corresponds to Vf =30% (see Tab.4). This behaviour 

is due to the high moulding pressure needed to obtain MAT biocomposites with Vf > 30%, that 

determines the direct contact of the fibres (without interposed matrix) which corresponds to the 

formation of fibre/fibre interface cracks, with consequent significant mechanical strength reduction 

due to premature damage mechanisms relating to the propagation of such cracks. 

For the examined MAT biocomposites the highest impact strength corresponds to the laminate having 

Vf = 30% that exhibits a total energy absorption of 13.9 J (see Tab.5).

In terms of damage processes (see Figs.6g and 6h), similarly to what has already been observed in the 

static case, the experimental analysis shows that also under impact loading the local damage of the 

MAT biocomposites involves a mixed process consisting of 4 different phenomena: (a) tensile failure 

of the longitudinal fibers (locally aligned with the maximum tensile stress), (b) matrix collapse under 

tensile stress, (c) secondary pull-out (concerning the fibers not-aligned with the local maxim tensile 

stress) and (c) splitting phenomena of the transverse fibres (fibres parallel with the local surface 

fracture).

Taking into account such particular damage mechanisms, it is possible to state that, like it has been 

proposed in [51] concerning the tensile strength of short fiber biocomposites, the impact strength of 

the MAT biocomposites having Vf ≤ 30% can be accurately estimated by considering a quasi-isotropic 

model [0/±60]. In detail, by considering that in such a model the formation of a surface fracture in a 

generic direction corresponds in practice to:

1) the tensile failure of the fibres orthogonal to the fracture surface (1/3 of the total fibers);

2) the partial pull-out of about 1/2 of the fibers orthogonal to the fracture surface (1/6 of the total 

fibers);

3) the splitting failure of the fibers not aligned with the fracture surface (2/3 of the total fibres);

4) the tensile failure of the matrix; 

by using the specific energy values  above already determined for the same damage 𝐸(𝑠𝑝)
𝑓 ,   𝐸(𝑡𝑒)

𝑓 ,   𝐸(𝑡𝑒)
𝑚

mechanisms observed in unidirectional laminates (fibre failure by splitting and matrix failure by 



tensile) and angle-ply laminates (fibre failure by longitudinal tensile), and by indicating with  the 𝐸(𝑝𝑢)
𝑓

specific energy associated to the pull-out, the following energy-balance equation can be written: 

        𝐸𝑠 =
1
3𝐸

(𝑡𝑒)

𝑓
𝑉𝑓 +

1
6𝐸

(𝑝𝑢)

𝑓
 𝑉𝑓 +  

2
3𝐸

(𝑠𝑝)

𝑓
  𝑉𝑓 + 𝐸(𝑡𝑒)

𝑚  (1 ‒ 𝑉𝑓) (3)

      

The unknown value of can be determined by fitting the experimental values of Es reported in 𝐸(𝑝𝑢)
𝑓  

Tab.5 for Vf = 15% and 30% with the straight line represented by Eq.3; it provides: 

𝐸(𝑝𝑢)
𝑓 = 97.26  J

As it has been noted by other authors in [108,109], the energy  absorbed by fiber pull-out is 𝐸(𝑝𝑢)
𝑓

higher than the energy = 42.29 J absorbed by the same fibre for longitudinal tensile failure.𝐸(𝑡𝑒)
𝑓

Fig.10 shows the comparison between the impact strength predicted by the proposed quasi-isotropic 

model (Eq.3) and the experimental data; it is seen a good agreement for Vf ≤ 30%. Therefore, such a 

model can be used advantageously at the design stage to determine the impact strength of good quality 

MAT biocomposites reinforced by sisal fibers.

5.5 Brief comparative analysis of the results

The comparison of the results reported in Tab.5 and represented graphically in the following Fig.11a 

in terms of impact strength for the various biocomposites examined, shows synthetically that the UD 

biocomposites laminates exhibits the lower impact performances that reach the maximum value of Es 

 10 J for Vf =70%. Relatively better performance is exhibited by the MAT laminates that reach the 

maximum value of Es =13.9 J for the optimal value of Vf =30%. However, such impact performances 

are appreciably inferior to those exhibited by the angle-ply (CP and QI) laminates, that reach the 

maximum values of Es  30 J for Vf =70%. 

In terms of first impact damage force instead, the UD laminates exhibits performance always 𝐹𝐹𝐼𝐷
𝑖   

better than the MAT laminates, and also better than the CP laminates for Vf  ≤ 50% (see Fig.11b). 

However, for any Vf  value the higher values of  are exhibited always by the QI lay-up, that is 𝐹𝐹𝐼𝐷
𝑖

therefore the best lay-up to be used for the manufacturing of light and green components subjected to 

impact loading, because it exhibits both the maxim impact strength and the maximum first impact 

damage force.

5.6 Internal damage investigations by computed tomography 

Due to the complexity of the damage mechanisms related to the impact tests, the direct visual 

inspection of the impacted specimens leads to an underestimation of the actual damage; also, the 

damage processes interesting the internal laminae of the UD, CP and QI laminates (e.g. internal 



delaminations etc.) are difficult to observe. In order to obtain a more accurate and complete analysis of 

the impact damage, a three-dimensional reconstruction of the  specimens subjected to mechanical 

failure have been to obtained through a 3D Computed Tomography System (Y.CT Vario International 

GmbH, Hamburg, Germany), by using a source voltage of 190 kV and 1 mA. In detail, the 3D profile 

generation has been carried out by using 1440 projections with rotation steps of 0.5°. The 

reconstruction and the results analysis have been carried out by means of software VGStudio Max 2.0 

by Volume Graphics GmbH.

As an example, Fig.12 shows two tomographic images of one of the UD specimens having Vf =35%, 

that confirms the primary failure mechanism observed visually during the test, consisting on the 

formation and propagation of a through thickness cracks parallel to the direction of the fibres 

(Fig.12a); also, limited delamination phenomena concentrated in the impact zone are also observed 

(Fig.12b). Qualitatively similar results have been observed for the other Vf values considered.

Fig.13 shows two tomographic images of a CP specimen with Vf =35% after the impact test carried out 

by using an impact energy Ei =10 J (less than the impact strength of 16.1 J). Qualitatively similar 

results have been observed for the other Vf and Ei values considered. In detail, the two damage 

mechanism already observed by visual inspection, i.e. the interlaminar delamination (Fig.13a) and the 

fibre failure by tensile load (Fig.13b), both related to the local bending produced by the impact 

loading, are clearly confirmed.

Lastly,  Fig.14 shows two tomographic images of one of the QI specimens having Vf =35%, subjected 

to an impact energy of 10 J (less than the impact strength of 18.9 J). From such figure it is possible to 

state that there is no substantial difference with the CP specimens, i.e. also in this case the damage 

process involves interlaminar delamination phenomena (Fig.14a) and fibre failure by longitudinal 

tensile (Fig.14b), although, as it has been noted above by considering the higher values of the first 

impact damage force, the delamination phenomena appear significantly less extensive with respect to 

those observed for the CP laminates (see Fig.13).

 
6. COMPARISON WITH OTHER LITERATURE RESULTS 

In order to compare the impact performance of the biocomposites analyzed with those of other 

biocomposites and composites reinforced by synthetic fibers, the main results available in literature for 

such materials, included binary and ternary composites and biocomposites, have been reported in 

Tab.6.

In detail, for each material considered Tab.6 shows the relative lay-up, density (), thickness (ts) of the 

specimens used for the impact tests, fiber volume fraction (Vf), impact energy (Ei) and the impact 

strength (Es). In order to take into account the different thickness of the specimens used by the various 

authors for the impact tests, as well as of the different specific weight of the materials, the comparison 

is performed by considering the so called specific impact strength  obtained by dividing the impact 𝐸 ∗
𝑠



strength Es  to the specimen thickness ts and to the material density  (see the penultimate column of 

Tab.6). For a more immediate comparison such values are also reported in the bar graph of Fig.15.

From the analysis of such data it is first observed how the specific impact strength of the materials 

reported in literature, varies in a wide range, from  the minimum value of 1690 J mm2 g-1 of a CP 

juta/glass-polyester hybrid biocomposite, up to the maximum value of  7290 J mm2 g-1 of a QI 

kevlar/carbon-epoxy hybrid composite.

In particular, from Tab.6 and Fig.15 it is seen how the biocomposites reinforced by sisal fibers 

considered in the present work, exhibit a specific impact strength ranging from 1950 J mm2 g-1 for the 

UD laminate with Vf =70%, to 3150 J mm2 g-1 for the MAT laminate with Vf =30%, to about 6300 J 

mm2 g-1 for the angle-ply (CP and QI) laminates with Vf =70%. 

The biocomposites reinforced by other natural fibers (flax, hemp, jute), commonly manufactured by 

CP woven fabrics with Vf = 20%÷60%, exhibit similar specific impact strengths included between 

1890 J mm2 g-1 (hemp/epoxy) and 5840 J mm2 g-1 (hemp/PLA). 

Concerning the traditional composites reinforced by synthetic fibers, the GFRP shows a relatively high 

specific impact strength, passing from 5420 to 6550 J mm2 g-1  by moving from the UD laminates to 

the more resistant CP laminates. Significantly lower values are exhibited by the CFRP composites, 

varying between 1910 J mm2 g-1 (Vf ≈30%) and 4120 J mm2 g-1 (Vf ≈60%). Values higher than GFRP are 

instead shown by cross-ply KFRP composites with Vf =60% (7120 J mm2 g-1). 

Also, the composites recently proposed in literature reinforced by basalt fibers, usually realized by 

woven fabrics with Vf = 30%÷50%, are characterized by specific impact strength falling in the range 

3190÷6420 J mm2 g-1.

However, the best impact performance corresponds to the QI hybrid composites reinforced by 

synthetic fibers, whose  value varies in the range 5450÷7290 J  mm2 g-1. 𝐸 ∗
𝑠

Relatively lower values are instead shown by the hybrid composites reinforced by natural and 

synthetic fibers whose  value varies in a wide range included between 1690 J mm2 g-1 (jute/glass-𝐸 ∗
𝑠

polyester) and 6050 J mm2 g-1(flax/basalt/hemp-epoxy). 

Synthetically, it is possible to state that the best impact performance are exhibited from the angle-ply 

(CP and QI) biocomposites reinforced by an sisal with volume fraction of 70%; their specific impact 

strenght   6300 J mm2 g-1 is in practice:𝐸 ∗
𝑠

1) light higher than that (   5840 J mm2 g-1) of the best biocomposite reported in literature (CP 𝐸 ∗
𝑠

laminate reinforced by hemp fibers); 

2) comparable with that of the best GFRP (  6550 J mm2 g-1), as well as with that of the 𝐸 ∗
𝑠

composites reinforced by basalt fibers ( 6420 J mm2 g-1), and of the ternary hybrid kevlar-𝐸 ∗
𝑠

carbon-glass composites (  6190 J mm2 g-1);𝐸 ∗
𝑠

3) appreciably higher (+15÷50%) than that of the best CFRP (  4120 J mm2 g-1) and of the 𝐸 ∗
𝑠

hybrid carbon-glass composites (  5450 J mm2 g-1); 𝐸 ∗
𝑠



4) slight lower (-14% circa) than that of the performing binary hybrid kevlar-glass composites (

 7200 J mm2 g-1) and  kevlar-carbon composites (  7300 J mm2 g-1). 𝐸 ∗
𝑠 𝐸 ∗

𝑠

Such results confirm widely the worthy impact performance expected by the biocomposite reinforced 

by sisal fiber; it is fully corroborated that the sub-fibrillar structure of the sisal fiber leads to a good 

impact strength, higher than that of other biocomposites reported in literature, and comparable with 

that of the more polluting, expensive and weighty composites reinforced by synthetic fibers. 

Renewability, cost and weight are important parameters that have to be properly highlighted in the 

comparison between the examined biocomposites and the synthetic composites: thanks to the low cost 

(about 0.3 €/kg in the international market) and low weight (about 1450 kg/m3, lower than that any 

synthetic fiber) of the sisal fiber, the analyzed biocomposites have in fact cost and weight significantly 

lower than that of the traditional synthetic composites. Therefore, it is possible to state that, as 

expected by the scientific community, such biocomposites can substitute the synthetic composites in 

the practical applications characterized by high impact loading (bumpers, helmets, protection systems 

against impact etc.), with a contemporary advantageous reduction not only of the environmental 

pollution but, very important, also of the costs and of the weight (that can lead to further advantageous 

reduction of the consumption if the component is used in the automotive field).    

7. CONCLUSIONS

Through a systematic campaign of experimental tests the response to the low velocity impact loading 

of biocomposite laminates reinforced by sisal fibers, by varying the main influence parameters as the 

fiber distribution (unidirectional, random), the fiber volume fraction Vf  and the lay-up (unidirectional, 

cross-ply, quasi-isotropic and MAT), has been analyzed.

In particular, such an experimental analysis has shown that the more performing lay-ups (specific 

impact strength = 6300 J mm2
 g-1) are the angle-ply one (cross-ply and quasi-isotropic) whose 𝐸 ∗

𝑠

damage under impact loading involves advantageously the longitudinal failure of all the fibers for 

tensile loading, damage mechanism that is characterized by an high value of the impact energy 

absorption (42.29 J). 

Much lower are instead the performance of the unidirectional laminates ( = 1950 J mm2 g-1) because 𝐸 ∗
𝑠

the impact failure occurs always by transversal tensile failure that involves the transversal fiber 

splitting mixed to the matrix tensile failure, which correspond low values of the impact energy 

absorption (9.84 J and 1.79 J respectively).     

Although higher than that of the unidirectional laminates, the impact strength of the MAT laminates is 

also relatively modest  ( = 3150 J mm2 g-1), due to the limited fiber volume fraction that can be used 𝐸 ∗
𝑠

in this particular lay-up (maximum value of 30%) to obtain good quality laminates. The improvement 

of the impact strength with respect to the unidirectional laminates is essentially due to the particular 

damage mechanisms involved, as the longitudinal tensile failure of the fibers aligned with the maxim 



stress and, above all, the partial pull-out, characterized by the highest value of the impact energy 

absorption (97.26 J).

The accurate analysis of the experimental results in terms of impact strength, has permitted the 

implementation of simple models that have allowed first the evaluation of the  impact energy 

absorption associated to the various damage mechanisms observed (longitudinal tensile failure of the 

fibers, fiber splitting, interlaminar delamination and pull-out), and can be used at the design stage for 

reliable prediction of the impact strength of the various laminates by varying the fiber volume fraction.

The peculiar damage mechanisms observed by visual inspection have been widely confirmed by an 

accurate internal 3D computed tomography investigation.    

Finally, the comparison between the specific impact strength of the examined biocomposites with that 

of other biocomposites and composites reported in literature, has allowed to corroborate that, as it was 

expected, the biocomposites reinforced by sisal fibers exhibit a high impact strength, that is higher 

(from +10 to +50%) than that of the biocomposites reinforced by other natural fibers (jute, hemp, 

flax), as well as of the composites reinforced by carbon fibers ternary kevlar-carbon-glass systems.  

Also, their impact strength is only slight lower than that of much more expensive, polluting and 

weighty hybrid kevlar-glass and kevlar-carbon composites.

Taking into account the fully renewability, the low cost and the low weight of the sisal fiber it is 

therefore possible to state that the biocomposites reinforced by sisal fibers can be used in various 

industrial fields to substitute the synthetic composites for the manufacturing of protection systems 

against impact (bumpers, helmets etc.), obtaining in such a way not only a reduction of the 

environmental pollution but also a contemporary  advantageously reduction of costs and weight.  

Further studies on the examined biocomposites will focused to the expected improving of the impact 

strength, associated with the substitution of the unidirectional stitched fabrics with woven fabrics, 

properly implemented for such a scope.

Data availability statement

The raw/processed data required to reproduce these findings cannot be shared at this time as the data 

also forms part of an ongoing study.
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Fig.1 - unidirectional stitched fabric oriented to (a) 0° and (b) 45°, (c) MAT fabric.



Fig.2 – Specimens used for the impact tests: (a) unidirectional (UD), (b) cross-ply (CP), (c) quasi-
isotropic (QI) and (d) MAT.



Fig.3 - (a) Test machine type “Ceast Fractovis Plus”, (b) support system with impactor and (c) schematical draw.



   (a)     (b)

Fig.4 - (a) Load-time curve and (b) load-displacement curve relative to QI biocomposite with Vf =35% and Ei =10 J.



    (a)    (b)

Fig.5 - (a) Load-time curve and (b) load-displacement curve relative to CP biocomposite with Vf =35% and Ei =20 J.
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(e) (f)

(g) (h)

Fig.6 – Front and back view of the specimens after impact test: (a,b) unidirectional (UD), (c,d) cross-ply (CP), (e,f) 
quasi-isotropic (QI) and (g,h) MAT.
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(g) (h)

Fig.7 – Load-time and load-displacement curves for (a,b) unidirectional (UD), (c,d) cross-ply (CP), (e,f) quasi-isotropic 
(QI) and (g,h) MAT biocomposite laminates.



     
(a)                                                                                             (b)

Fig.8 – (a) RVE of the PMM and (b) impact strength of the unidirectional biocomposites vs. Vf and PMM model (Eq.1). 



Fig.9 – Impact strength of the cross-ply (CP) biocomposites vs. Vf  and ROM (Eq.2). 



Fig.10 – Impact strength of the MAT biocomposites vs. Vf and proposed theoretical model (Eq.3) for Vf ≤ 0.3. 



            (a)              (b)

Fig.11 – (a) impact strength and (b) first impact damage force vs. Vf for the various biocomposite laminates considered. 



Fig.12 – X ray tomography of a tested UD specimen with Vf =35% and Ei= 7J: (a) transversal section
 and (b) longitudinal section.



Fig.13 – X ray tomographies (a, b) of two tested CP specimens with Vf  =35% ed Ei= 10 J.



Fig.14 – X ray tomographies (a, b) of two tested QI specimens with Vf = 35% ed Ei = 10 J.



Fig.15 – Comparison of the specific impact strength of the analyzed biocomposites with that of other biocomposites and 
composites reported in literature.



Tab.1 – Main mechanical properties of the sisal fiber considered.

Fiber ρf 𝝈(𝒇)
𝑳,𝑹 𝑬(𝒇)

𝑳 𝜺(𝒇)
𝑳,𝑹

[g/cm3] [MPa] [GPa] [%]

Agave sisalana 1.45 685 40.50 1.75

Tab.2 – Mechanical properties of the green epoxy resin considered [51].

Matrix ρm σm,R Em εm,R τm,R Gm

[g/cm3] [MPa] [GPa] [%] [MPa] [GPa]

Green epoxy 1.05 50 2.5 2.5 35 0.90

Tab.3 - Lay-up and fiber volume fraction of the biocomposite laminates considered.

       Laminate Vf  [%] Lay-up

35 [0]8 

50 [0]12Unidirectional UD

70 [0]16

35 [(0/90)2]s

50 [(0/90)3]sCross-ply CP

70 [(0/90)4]s

35 [(0/±45/90)]s

50 [(0/±45/90)3]Quasi-isotropic QI

70 [(0/±45/90)2]s

15 random, 3 laminae

30 random, 5 laminaeDiscontinuos fiber MAT

35 random, 7 laminae



Tab.4 – Tensile mechanical properties of the biocomposite laminates considered.

     Laminate Vf [%]
σL,R 

[MPa]

εL,R 

[%]

EL 

[GPa]

35 230.6 1.80 16

50 325.4 1.91 23Single-layer UD

70 471.4 1.95 30

35 97.7 1.40 9

50 145.5 1.70 12Cross-ply CP

70 275.3 2.20 18

35 79.8 0.80 7

50 96.4 1.10 9Quasi-isotropic QI

70 161.5 1.82 13

15 44.7 1.21 4

30 51.2 1.25 6Discontinuos fibers MAT

35 46.1 1.19 7

Tab.5 – Results of the impact tests with complete penetration (perforation) of the specimens. 

Laminate Vf

[%]
Ei

[J]
Es

[J]
Ea,e

[J]
Ea,p

[J]
Fi

FD

[N]
Fi

MAX

[N]
35 10 7.3 2.7 4.6 1885 2150
50 10 7.9 2.4 5.5 1670 1860Unidirectional UD
70 10 9.7 1.9 7.8 1590 1900
35 20 16.1 1.2 14.9 1175 2140
50 25 24.8 2.4 22.6 1470 3270Cross-ply CP
70 30 29.9 7.8 22.8 2825 3550
35 20 18.9 3.2 15.7 1850 2180
50 25 24.9 8.7 16.3 2800 3350Quasi-isotropic QI
70 30 29.8 10.8 19,2 3350 4300
15 10 6.1 0.5 5.6 490 810
30 15 13.9 0.9 13.0 1135 1630Discontinuos fibers MAT
35 10 9.1 0.6 8.5 685 1160



Tab.6 – Comparison of the specific impact strenght of the analyzed biocomposites with that of other 
biocomposites and composites reported in literature.

            Material Lay-up ρ
[g/cm3]

ts
[mm]

Vf
[%]

Ei
[J]

Es
[J]

Es
*

[J mm2
 g-1] Rif.

Biocomposites with agave fiber (present study)
sisal (stitched)/green epoxy UD 1.36 3.50 70 10 9.3 1950 Current

sisal (stitched)/green epoxy CP 1.36 3.50 70 30 30 6260 Current

sisal (stitched)/green epoxy QI 1.36 3.50 70 30 30 6280 Current

sisal (MAT)/green epoxy MAT 1.26 3.50 30 10 13.9 3150 Current

Biocomposites with other fibers (from literature)
hemp (woven)/epoxy CP 1.22 11.00 28 - 55 4090 [65]

hemp (woven)/PLA CP 1.33 9.00 28 - 70 5840 [72]

hemp (woven)/epoxy CP 1.17 3.70 20 - 8.2 1890 [61]

hemp (MAT)/polyester MAT 1.40 3.00 26 - 10.5 2500 [76]

flax (woven)/epoxy CP 1.23 3.20 24 - 12.4 3150 [61]

flax (woven)/epoxy CP 1.3 2.97 35 15 12.9 3350 [63]

flax (pre-preg UD)/epoxy CP 1.22 4.50 56 30 29.7 5410 [66]

flax (woven)/green vinylester CP 1.27 6.96 57 30 22.1 2510 [67]

flax (woven)/vinylester CP 1.20 7.10 23 36 33.6 3950 [70]

jute (woven)/polyester CP 1.22 6.80 36 - 17 2040 [80]

Composites with synthetic fibers
glass (woven)/polyester CP 1.93 4.00 - - 50.6 6550 [90]

glass (unidirectional)/polyester CP 1.79 4.00 - - 38.8 5420 [90]

carbon (woven)/epoxy CP 1.38 3.50 32 12 9.2 1910 [65]

carbon (pre-preg UD)/epoxy CP 1.40 4.50 59 30 26.0 4120 [66]

kevlar (w)/ epoxy QI 1.29 2.70 60 - 24.8 7120 [87]

basalt (woven)/epoxy CP 1.30 2.00 28 - 16.7 6420 [61]

basalt (woven)/epoxy CP 1.62 3.50 32 25 20.6 3640 [65]

basalt (woven)/green vinylester CP 1.93 3.95 49 31 24.3 3190 [67]

basalt (woven)/vinylester CP 1.55 3.80 27 36 30.2 5130 [70]

Hybrid with natural  and synthetic fibers
basalt (w)/flax (w)/green vinylester CP 1.38 5.38 52 34 24.2 3260 [67]

basalt (w)/flax (w)/vinylester CP 1.30 5.10 25 36 32.3 4870 [70]

flax (w)/basalt (w)/hemp (w)/epoxy CP 1.22 3.40 22 - 25.1 6050 [61]

juta(woven)/glass(plain)/polyester CP 1.25 6.60 35 - 14 1690 [80]

basalt (w)/carbon (w)/epoxy CP 1.48 3.50 32 25 21.8 4210 [65]

flax (p. UD)/carbon (p. UD)/epoxy CP 1.38 4.50 60 30 26.8 4310 [66]

basalt (w)/carbon (w)/flax (UD)/epoxy QI 2.21 4.00 52 38 29.4 3330 [69]

basalt (w)/carbon (w)/flax (UD)/epoxy QI 2.21 4.00 52 38 29.2 3300 [69]

Hybrid with synthetic fibers
kevlar (w)/glass (w)/epoxy QI 1.39 2.70 60 - 27.0 7200 [87]

kevlar (w)/carbon (w)/epoxy QI 1.43 2.70 60 - 28.1 7290 [87]

carbon (w)/glass (w)/epoxy QI 1.33 2.70 60 - 23.1 5450 [87]

glass (w)/kevlar (w)/carbon (w)/epoxy QI 1.46 2.70 60 - 24.4 6190 [87]


