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Abstract 

Among the innovative materials, an important role is played by the so-called biocomposites, generally made by an 

eco-friendly matrix reinforced with natural fibers. Unfortunately, due to the more degradability of the green matrix 

as well as to hydrophilicity of the natural fiber, the resistance of such innovative materials to the environmental 

agents is in general relativity low, and it can significantly limit their use in outdoor conditions. In order to give a 

contribution to the knowledge of the effects of the main environmental agents on the mechanical properties of 

high-performance biocomposites made of green epoxy matrix reinforced by agave fibres, a systematic 

experimental testing campaign has been carried out by considering three types of biocomposite laminates that can 

be use for structural applications (unidirectional, cross-ply and quasi-isotropic with a Vf = 70%), has been 

considered. In order to highlight the different effects of aging on matrix and reinforcement, samples consisting of 

simple epoxy matrix alone have been analysed too. In order to reproduce the usual operating conditions associated 

with periodic exposure to sunlight (temperature and UV cycles) and humidity related to external environmental 

conditions, all the materials considered have been subjected to an accelerated aging process in accordance with 

the ASTM G 154 standard. The analysis of the experimental results was also aimed to the developing of reliable 

models that can be used to predict the degradation of the main mechanical properties of these materials, when they 

are subjected to the actual aging related to the outdoor service conditions. 
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1. INTRODUCTION 

The increasing interest in protecting the environment has led to a significant focus on the effects of pollution 

associated with the production and end-of-life disposal of technical materials, such as metals and synthetic 
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materials, responsible for significant CO2 emissions. Consequently, biocomposites,  consisting of low 

environmental impact matrices reinforced by natural fibers, are an attractive alternative to traditional materials. In 

particular, biocomposites have in general specific properties comparable or superior to those of technical metals, 

such as steel and aluminum, and some synthetic composites, especially those reinforced by glass fibers. 

In more detail, the low cost and high availability of sisal fibers in the current market, make their high performance 

biocomposites, an interesting alternative to synthetic composites for a variety of semi-structural and structural 

applications, in addition to the common applications, already very diffuse, related to the production of internal 

parts and components in the automotive sector [1,2], boating and civil construction. Such innovative materials 

have so far been poorly used in outdoor environments, especially under harsh environmental conditions, as few 

studies on the durability of these materials are yet available. 

Despite the mitigating presence of the hydrophobic matrixes, the hydrophilic nature of plant fibers implies the 

easy absorption of moisture from the surrounding environment with presumably weakening of the fiber as well as 

of the fiber-matrix adhesions, with consequent significant reduction of the mechanical properties of the 

biocomposites [3–6]. 

In [7] has been performed a careful comparison of the bio-properties hybrid of and pure biocomposites reinforced 

with kenaf and sisal fibers, used for semi-structural applications in the construction sector; the analysis of the main 

mechanical properties before and after aging tests has shown that hybridization results in a significant reduction 

in durability. 

In [8], the mechanical properties of both fresh and aged sisal fiber-reinforced polypropylene-based composites 

were evaluated. The results showed that composite with aged fibers shows better mechanical properties than fresh 

fiber composites. The proposed reason is that the mechanical properties of composites are not only based on the 

strength of the fiber alone, which is better in the fresh fiber, but also on the interfacial adhesion between the fiber 

and the matrix that favors the needed transfer of stresses. 

Several works are found in literature on the effect of aging in biocomposites reinforced with flax fibers. As an 

example, in [9], Moudood et al. correlated moisture absorption to the physical changes and mechanical properties 

of bio-epoxy composites reinforced by flax fibre. They considered the cycle from material production to saturation 

by immersion in water, a decrease in tensile strength and stiffness by 9% and 57% respectively. 

In [10], after a preliminary evaluation of the possibility of using natural fibres such as flax, coconut and basalt for 

the reinforcement of bio-polyethylene, the influence of aging on the mechanical properties of the biocomposites 

thus obtained was also evaluated. 
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In [11], an interesting study was presented to evaluate the temporal evolution of the mechanical performance of 

an epoxy composite reinforced by flax fibres exposed to wet/dry cycles for 104 consecutive days. The authors 

have shown, in particular, that the treatment of fibers leads to a better durability of the composite. 

In [12] the authors showed how treatments on natural fibers influence the performance and durability of their 

composites. Composites prepared from jute fiber treated with a low concentration alkaline solution, exhibited 

improved mechanical properties and thermal stability. They also showed lower photoresistance and 

bioaccessibility/bio-disintegration. 

In [13], the authors explored the weathering effects on of high density polyethylene composites with different 

biofiber fillers and coupling agent. The flexural strength and impact properties of samples exposed to weathering 

are decreased in application by the type of fiber or coupling agent. Woody fiber can be substituted with alternate 

biofibers such as cotton burr with stem and guayule bagasse with some variations in the physico-mechanical 

properties of the resultant composites. 

Synergistic effects involved in the environmental degradation of Glass Reinforced Polymer (GRP) composites 

were examined in [14]. Six GRPs based on E-glass and ECR-glass fibers with four different polymer resins were 

exposed either individually or in combination to ultraviolet (UV) radiation, water condensation and elevated 

temperature for approximately 1000 h. It has been shown that the selected aging conditions load to noticeable 

synergistic effects, causing extensive erosion of the polymer matrices of the tested composites which appeared to 

be much stronger under the combined actions than under individual exposures. 

The same authors in [15] clearly explained why the degradation of polymers and fiberglass from exposure to UV 

rays in the presence of occasional slow flows of water is much faster than simple UV rays. Furthermore, they have 

shown that UV damage on irregular polymer surfaces reduce their surface roughness making them planar and that 

the degradation rates are the greatest at the peaks of the local surface heights [16]. 

In [17], the authors have developed a novel in-situ aging evaluation system to simulate natural weathering, and the 

sensitivity was further improved. Through the reconstruction of the in-situ reaction cell, the seal performance was 

obviously improved. 

In order to give a further contribution to the knowledge of the effects of the environmental aging on biocomposites, 

this work, intends to investigate the influence of environmental aging on the mechanical properties of high-

performance biocomposites consisting of a "green epoxy" matrix reinforced with sisal fibers. These biocomposites 

have already been developed by the same authors [18,19,28–31,20–27]by means of preliminary manual packaging 

of unidirectional “stitched” fabrics, successive hand lay-up of the laminate, and subsequent compression molding 
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process. As widely demonstrated in [19-21, 23], .such biocomposites can be used advantageously to substitute 

metals and synthetical fiber composites in many practical application. 

2. MATERIALS 

In the following, after a brief description of the mechanical properties of the fibers and of the matrix used for the 

manufacturing of the considered high performance biocomposites reinforced by sisal fibers, three different 

laminates (unidirectional, cross-ply and quasi-isotropic, each with Vf =0.70) have been considered in order to obtain 

sufficient information to describe the environmental aging effects on a generic angle-ply laminate used in practice 

for structural and semi-structural applications. 

2.1 Matrix and fibers  

The high performance biocomposites considered, are constituted by a green epoxy resin (partial biobased epoxy) 

produced by the American Entropy Resin Inc. (San Antonio, CA, USA), called SUPERSAP CNR, with IHN type 

hardener. As widely shown in previous studies [18–25] carried out by the same authors, this matrix exhibits an 

almost linear elastic behaviour, with the following main characteristics: density ρm = 1.05 g/cm3, tensile strength 

σm,R = 60 MPa, Young’s modulus Em = 2.5 GPa, and tensile stress strain εm,R = 2.5%. 

The fibers used as reinforcement are sisalane agave fibers (sisal), specially extracted from the middle third of 

mature leaves, selecting in particular the perimeter ones (structural fibers) which exhibits the best mechanical 

properties. In order to maintain a high degree of renewability, the fibers were subjected only to a manual cleaning 

process and subsequent drying, without any surface treatment with caustic soda or other similar detergent. The 

main mechanical properties of the batch of fibers actually used in the present work, were evaluated by means of 

specific tensile tests on a single fiber; the following mean results were obtained: tensile strength σf,R = 690 MPa, 

longitudinal Young's modulus Ef  = 40 GPa and failure tensile strain εf,R = 1.7% (standard deviation of 6-8% have 

been obtained by using a sample of 10 fibers). 

2.2 Manufacturing of the laminates 

High-quality stitched fabrics were preliminarily made in laboratory by a relatively laborious process consisting of: 

(a) manual stretching of the fiber in order to eliminate the natural undulations, (b) alignment of the rectilinear 

fibers arranged in small groups and (c) cross stitching with a special automatic sewing machine. In this way, 

unidirectional fabrics with a specific weight of about 240 g/m2 were obtained (see Fig.1). 
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Figure 1 Unidirectional sisal stitched fabrics properly made in the laboratory. 

The manufacturing of the various laminates was carried out by hand lay-up performed on a suitable square mould 

of 260x260 mm (Fig.2a). To obtain good quality laminates, after an appropriate period of partial gelling of the 

matrix, carried out in accordance with the optimal process described in [20,21], the laminates were subjected to a 

compression-moulding process, using a 100-ton press (Fig.2b) for 24 hours. In order to optimize the mechanical 

characteristics, each laminate was subjected to a subsequent cure at a temperature of 80 °C for 5h. 

 
Figure 2 Biocomposite manufacturing: (a) hand lay-up inside the mould, (b) compression moulding by 100 tons 

hydraulic press. 

In this way, three different biocomposite laminates consisting of 16 oriented laminae, with a volume percentage 

of reinforcement Vf =70% and a thickness of about 3.8 mm, have been manufactured. In detail, a unidirectional 

laminate [08]S, a cross-ply laminate [(0/90)4]S and a quasi-isotropic [(0/±45/90)2]S were made. In addition, a neat 

resin panel was also manufactured in order to evaluate the effects of aging on the matrix alone, and so to estimate 

the contribution of the aging due to fibers, by comparing the aging of biocomposites with the aging of the matrix 
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alone. From each biocomposite laminate so obtained, rectangular samples with dimensions congruent with those 

of the sample holder system that equips the accelerated aging machine, have been cut with a proper dish mill. 

 
Figure 3 Laminate biocomposite considered: (a) unidirectional laminate [08]S, (b) cross-ply laminate [(0/90)4]S 

and (c) quasi-isotropic [(0/±45/90)2]S.  

3. EXPERIMETAL TEST METHODS 

The biocomposites samples have been subjected to an accelerated aging process with controlled conditions of 

temperature, humidity and UV radiation, that allow in practice to reproduce environmental effects such as exposure 

to sunlight and humidity from rain and dew. Static mechanical tests were performed to evaluate the influence of 

such accelerated aging on the main mechanical properties of the laminates considered. 

3.1 Accelerated aging 

The biocomposite samples were exposed to cycles of UV radiation (UVA-340) and water condensation using a 

QUV-type accelerated aging machine (see Fig.4a). In more detail, Alternating cycles of UVA radiation (8 h) at 70 

°C and water condensation (4 h) at 50 °C were applied, for a period of 8 weeks (56 days, 1344 h). The tests have 

been carried out in accordance with ASTM G 154 [32] (standard used for aging equipment in fluorescent light for 

UV exposure of non-metallic materials). Rectangular specimens having dimensions of 80x160 mm have been 

placed in a special specimen rack (see Fig.4b) situated inside the aging chamber. Every 2 weeks (336 h) a sample 

was taken for each material analysed (resin and three different biocomposite laminates), for a total of four overall 

samples, made after 2 (336 h), 4 (672 h), 6 (1008 h) and 8 (1344 h) weeks. 

 
Figure 4 (a) QUV-accelerated weathering tester; (b) specimen rack placed into the aging chamber. 
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3.2 Tensile test 

The effects of environmental aging on the mechanical properties of the biocomposites laminates have been 

evaluated through special tensile tests. These tests were carried out both on the materials immediately after their 

production (virgin material), and after 2, 4, 6 and 8 weeks of accelerated aging, in accordance with the set aging 

program. An MTS 793 servo-hydraulic machine, instrumented with a extensometer with a 25 mm measuring base, 

was used for the tensile tests (see Fig.5a) carried out in accordance with the ASTM D3039 standard [33] (for each 

materials three rectangular specimens having dimensions of 25 x160 mm, were tested). 

3.3 ILSS test 

The effects of the weathering on the matrix and on the fiber-matrix interface, have been evaluated by interlaminar 

shear strength (ILSS) tests carried out, in accordance with the ASTM D2344 standard [34]. The tests were carried 

out at a test speed of 1 mm / min using the same MTS 793 servo-hydraulic machine (see Fig.5b). In accordance 

with the aforementioned standard, three rectangular specimens having dimension of 8 mm x 25 mm 3.8 mm (short 

beam) was placed on two supports having a spun equal to about four times the thickness of the specimen itself  

(4 x 3.8 ≈15 mm) and loaded in three-point bending. 

 
Figure 5 Testing of biocomposite specimens: (a) Tensile test and (b) ILSS test. 

4. EXPERIMENTAL RESULTS 

The results of the mechanical tests carried out on virgin materials and on the same materials after accelerated aging 

are reported below, after a preliminary visual analysis of the exposed surfaces. 

4.1 Visual analysis 

From the following Fig.6, which shows the images of the specimens of the different materials after successive 

aging periods, it is first of all possible to note how the cyclic accelerated aging process used in this work produces 
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an appreciable colour variation on the external surface of the specimens, with progressive yellowing that, from an 

initial light-yellow colour, leads to an increasingly intense brown tint. 

 
Figure 6 Specimens subjected to different accelerated aging steps. 

As can be seen from the evolution of the surface aging of the neat resin specimens, these colour variations effects 

are essentially linked to the aging of the resin, being relatively limited the contribution due to the aging of the 

underneath fibers and to a lesser extent to the aging of the fiber. 

4.2 Tensile strength 

The following figures (Fig.7a, 8a, 9a and 10a) show the graphs of the average tensile curves obtained for the 

various materials analysed, considering the virgin materials (0 weeks) and the 4 distinct conditions of progressive 

aging (2, 4, 6, 8 weeks). The experimental results of the various tests performed, are generally characterized by an 

average scattering corresponding to a standard deviation in the range 3-5%. 

4.2.1 Green epoxy resin 

From the analysis of the curves relating to the neat resin (Fig.7) it can be seen how the exposure to the accelerated 

aging process for a time of 2 weeks (336 hours) gives rise to an embrittlement of the material with an approximately 

halving of the failure strain (from about 3% to about 1.5%) and associated significant reduction in tensile strength 

of about 30% (from about 60 MPa to about 43 MPa). 
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Figure 7 (a) Mean tensile stress curves of the various specimens with neat epoxy and (b) tensile strength after 

the progressive aging. 

On the other hand, the aging effects on the Young's tensile modulus of the green epoxy are relatively small 

(reduction of about 10%). In more details, aging leads to more linear curve: the matrix loses the initial well known 

partial plasticity, which gives rise to a slight reduction of the epoxy stiffness as the applied load increases. For 

accelerated aging values greater than 2 weeks of exposure (336 h), significant variations in the failure strain are 

no longer observed but only further (relatively limited) reductions in tensile strength are observed, which reaches 

the minimum value of about 36 MPa after 8 weeks of aging (1344 h). In summary, it is possible to state that the 

accelerated aging gives rise to a degradation of the tensile performance, characterized by an asymptotic trend with 

an initial phase (first 2 weeks approximately) in which there is an average tensile strength percentage reduction of 

the order of approximately 1%, for every 10 hours of accelerated aging, followed by a second phase (from 2 to 8 

weeks) much slower and characterized by an average reduction of about 2% for every 100 hours (see Fig.7); after 

about 8 weeks such reduction became negligible and the overall reduction of the tensile strength reach the value 

of about 40%; also, it is associated with an overall stiffness decrease of about 18%. Synthetically, unlike expected 

for thin specimens for which the aging involves in practice the uniform degradation of the mechanical property 

that tend to zero when t tend to infinite, for the examined specimens having thickness relatively high (about 4 

mm), the aging involves in practice only the surface and the subsurface material, without appreciable effects on 

the internal material; consequently, the degradation process of the specimens is not represented by a classical 

asymptotical function that tends to zero, but it tends to a finite value. In other words, after 8 weeks of accelerated 

aging the surface/subsurface materials in practice is completely aged whereas the internal material continues to be 

protected by the environmental agents by the same aged surface/subsurface materials. For these reasons, the 

analysis of the degradation of the tensile strength 𝑆𝑅
𝐺𝐸 of the green epoxy resin, shows how this phenomenon obeys 

in practice to an approximated exponential aging law, represented in practice by the following formula: 

𝑆𝑅
𝐺𝐸(𝑡) = [𝑆𝑅

𝐺𝐸(0 ℎ) − 𝑆𝑅
𝐺𝐸(1344 ℎ)]𝑒−𝑘𝐴𝐶𝐶

𝐺𝐸  𝑡2
+ 𝑆𝑅

𝐺𝐸(1344 ℎ)     (1) 
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being 𝑘𝐴𝐶𝐶
𝐺𝐸  = 9.35 x 10-6 the constant of the exponential law that governs the rate of degradation, 𝑆𝑅

𝐺𝐸(0ℎ) = 60 

MPa and 𝑆𝑅
𝐺𝐸(1344 ℎ)= 36 MPa respectively the tensile strength of the virgin resin and of the resin subjected to 

an accelerated aging for t= 1344 h; the apexes GE and ACC means respectively Green Epoxy and Accelerated 

Aging. As it can be seen from Fig.7b, this relationship interpolates the experimental data with an uncertainty 

generally lower than 7-8%. Obviously, Eq.1 can be advantageously used at the design stage to evaluate the 

degradation of the tensile strength corresponding to the exposure to the accelerated aging considered, for a generic 

design time t. 

4.2.2 Unidirectional biocomposite (UD)  

Considering the unidirectional biocomposite (UD), from the following Fig.8a, that shows the curves of the 

corresponding tensile tests, it can be observed that unlike neat resin, the accelerated aging of the biocomposite 

does not lead to significant variations in the failure strain, which is always kept around 1.75%, that is in practice 

the failure strain of the sisal fibers considered. Obviously, this effect is closely linked to the presence of fibers, so 

it can be said that the accelerated aging does not lead to appreciable variations of the failure strain of the analysed 

biocomposites. On the other hand, an appreciable progressive reduction of the stiffness is observed, with loss of 

the initial linearity of the biocomposite (effects probably linked to the aging of the fibers and/or of the resin/fiber 

interface) associated with a significant comparable reduction of the failure strength. 

 
Figure 8 (a) Mean tensile stress curves of the unidirectional specimens subjected to various accelereted aging, 

and (b) corresponding tensile strength after the progressive aging. 

In more detail, it can be said that a first phase (up to about 350 h), characterized by a fast relative aging that leads 

to a reduction of both strength and average stiffness of about 30%, is observed; it is followed by a second phase 

(up to about 1344 h), characterized by a slower aging that leads to a further loss of strength and stiffness of about 

10% or less. After 1344 h of accelerated aging, a strength reduction of about 40% (comparable with that of the 

neat resin) with an associated reduction of about -40% of the average stiffness higher than the value of the -18% 

of the neat resin), is observed. Also in this case, as it can be seen from Fig.8b, the degradation of the longitudinal 
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tensile strength 𝑆𝐿,𝑅
𝑈𝐷 (in the direction of the fibers) of the unidirectional biocomposite is well approximated by the 

function represented by Eq.1, which takes the following expression: 

𝑆𝐿,𝑅
𝑈𝐷(𝑡) = [𝑆𝐿,𝑅

𝑈𝐷(0 ℎ) − 𝑆𝐿,𝑅
𝑈𝐷(1344 ℎ)]𝑒−𝑘𝐴𝐶𝐶

𝑈𝐷  𝑡2
+ 𝑆𝐿,𝑅

𝑈𝐷(1344 ℎ)     (2) 

being in this case 𝑘𝐴𝐶𝐶
𝑈𝐷 =1.12 x 10-5, 𝑆𝐿,𝑅

𝑈𝐷(0 ℎ) = 469 MPa (tensile strength of the virgin UD biocomposite) and 

𝑆𝐿,𝑅
𝑈𝐷(1344 ℎ)= 281 MPa (tensile strength of the UD biocomposite completely aged). 

4.2.3 Cross-ply biocomposite (CP) 

Furthermore, considering the cross-ply biocomposite (CP), from the following Fig.9a it is seen how the aging 

produces also in this case appreciable stiffness reductions of the biocomposite (due to the aging of the fibers and/or 

the interface), along with a comparable reduction of the failure strength. Regarding the progression of the effects 

of aging with the exposure time, also in this case it is observed a first phase (up to about 300 h) which is 

characterized by relatively fast reduction a reduction in strength and stiffness of about 25% (more modest than the 

UD), followed by a second phase (up to about 1344 h) characterized by a much slower aging that leads to a further 

loss of strength and stiffness of about 10% (as for the UD). In this case after 1344 h of accelerated aging there is, 

therefore, an overall reduction in strength, equal to about 35%, slightly lower than that of the neat resin and of the 

unidirectional biocomposite (40%). Also, in this case the stiffness undergoes a progressive reduction with the load, 

starting from the value of the virgin material for low loads. Also, as it can be seen from Fig.9b, for the cross-ply 

biocomposite, the degradation of the tensile strength is well approximated by Eq.3:  

 
Figure 9 (a) Mean tensile stress curves of the cross-ply specimens subjected to various accelereted aging, and 

(b) corresponding tensile strength after the progressive aging. 

𝑆𝐿,𝑅
𝐶𝑃(𝑡) = [𝑆𝐿,𝑅

𝐶𝑃(0 ℎ) − 𝑆𝐿,𝑅
𝐶𝑃(1344 ℎ)]𝑒−𝑘𝐴𝐶𝐶

𝐶𝑃  𝑡2
+ 𝑆𝐿,𝑅

𝐶𝑃(1344 ℎ)     (3) 

whit 𝑘𝐴𝐶𝐶
𝐶𝑃 =1.30 x 10-5, 𝑆𝐿,𝑅

𝐶𝑃(0 ℎ) =287 MPa and 𝑆𝐿,𝑅
𝐶𝑃(1344 ℎ)=182 MPa. 

4.2.4 Quasi-isotropic biocomposite (QI) 
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Finally, considering the quasi-isotropic biocomposite (QI), from the following Fig.10a it is observed that, also in 

this case, the aging leads to an appreciable reduction in stiffness with associated reduction in failure strength 

(mainly due to the aging of the fibers). 

 
Figure 10 (a) Mean tensile stress curves of the various quasi-isotropic specimens and (b) tensile strength after 

the progressive aging. 

Also, in this case a faster first phase is observed which leads to a degradation of stiffness and strength of about 

19% after about 300 h, followed by a further reduction of about 15%, that lead to an overall environmental 

degradation of 34% about. These effects are therefore completely comparable with those of the CP biocomposite, 

both slightly lower than that of the UD biocomposite. Also in this case, as it can be seen from Fig.10b, the 

degradation of the longitudinal tensile strength 𝑆𝐿,𝑅
𝑄𝐼

 (in the direction of the fibers of the surface laminae) of the 

quasi-isotropic biocomposite is well approximated by Eq.4:  

𝑆𝐿,𝑅
𝑄𝐼 (𝑡) = [𝑆𝐿,𝑅

𝑄𝐼 (0 ℎ) − 𝑆𝐿,𝑅
𝑄𝐼 (1344 ℎ)]𝑒−𝑘𝐴𝐶𝐶

𝑄𝐼
 𝑡2

+ 𝑆𝐿,𝑅
𝑄𝐼 (1344 ℎ)     (4) 

with 𝑘𝐴𝐶𝐶
𝑄𝐼

 = 4.65 x 10-6, 𝑆𝐿,𝑅
𝑄𝐼 (0ℎ) = 173 MPa and 𝑆𝐿,𝑅

𝑄𝐼 (1344 ℎ)= 113 MPa. 

4.2.5 Percentage degradation and prediction of the aging evolution under service conditions  

Taking into account that, as above observed experimentally, the aging of the examined biocomposite laminates, 

move always from the “virgin material” condition to the asymptotic condition of “completely aged material” 

condition, it follows that the corresponding degradation of the mechanical properties can be more advantageously 

represented in terms of percentage reduction relative to the value of the virgin material. As an example, the 

percentage reduction 𝑆𝐿,𝑅 
𝑋𝑌 %𝐴𝐶𝐶(𝑡)  of the tensile strength of a generic XY laminate under the accelerated aging, 

can be expressed by the following formula derived directly from the above reported Eqs.2-4: 

𝑆𝐿,𝑅
𝑋𝑌%𝐴𝐶𝐶(𝑡)  = 100 [1 −

𝑆𝐿,𝑅 𝐴𝐶𝐶
𝑋𝑌 (1344 ℎ)

𝑆𝐿,𝑅 
𝑋𝑌 (0 ℎ)

] (1 − 𝑒− 𝑘𝐴𝐶𝐶
𝑋𝑌 𝑡2

)  ( XY = UD, CP and QI )  (5) 
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The constancy of the failure strain for any aging exposure time, observed experimentally above, leads to the fact 

that a similar formula gives also the percentage degradation of the mean Young modulus’s at the incipient failure 

conditions, i.e. : 

𝐸𝐿,𝑅 
𝑋𝑌 %𝐴𝐶𝐶(𝑡) = 100 [1 −

𝐸𝐿,𝑅 𝐴𝐶𝐶
𝑋𝑌 (1344 ℎ)

𝐸𝐿,𝑅
𝑋𝑌(0 ℎ)

] (1 − 𝑒−𝑘𝐴𝐶𝐶
𝑋𝑌 𝑡2

)  ( XY = UD, CP and QI )  (6) 

being 𝐸𝐿,𝑅  
𝑋𝑌 the mean Young modulus’s corresponding to ε = εf,R ≃ 1.75%. 

Obviously, the 𝑘𝐴𝐶𝐶
𝑋𝑌  exponent involved into Eq.5 and 6 depends on the material properties (it is in fact different 

for UD, CP and QI examined laminates), as well as on the peculiar characteristics of the aging process (severity 

of the environmental condition etc.). The values of 𝑘𝐴𝐶𝐶
𝑋𝑌  for the three biocomposites laminates examined, have 

been reported in the following Tab.1, along with the values of 𝑆𝐿,𝑅
𝑋𝑌(0 ℎ), 𝐸𝐿,𝑅

𝑋𝑌(0 ℎ), 

𝑆𝐿,𝑅 𝐴𝐶𝐶
𝑋𝑌 (1344 ℎ), 𝐸𝐿,𝑅 𝐴𝐶𝐶

𝑋𝑌 (1344 ℎ) necessary to describe completely the behaviour of each material under 

accelerated aging.  

Table 1 Characteristic values of the law of degradation for the biocomposites considered. 

Material 𝑺𝑳,𝑹(𝟎 𝒉) 𝑺𝑳,𝑹 𝑨𝑪𝑪(𝟏𝟑𝟒𝟒 𝒉) 𝑬𝑳(𝟎 𝒉) 𝑬𝑳,𝑹 𝑨𝑪𝑪(𝟏𝟑𝟒𝟒 𝒉) 𝒌𝑨𝑪𝑪
𝑿𝒀  

 [MPa] [MPa] [GPa] [GPa] [s-2] 

UD 469 281 27.1 16.1 1.12 x10-5 

CP 287 182 16.4 10.4 1.30 x 10-5 

QI 173 113 9.9 6.5 4.65 x 10-6 

 

Obviously, the exposition to generic aging process related to the actual (ACT) service conditions lead to an actual 

percentage degradation 𝑆𝐿,𝑅
𝑋𝑌%𝐴𝐶𝑇(𝑡) included always between the same two extreme values corresponding to the 

initial virgin condition (t = 0 h) and the final complete aged condition, already known by the accelerated aging above 

applied (t = 1344 h), but it involves a different value of the exponent 𝑘𝐴𝐶𝑇
𝑋𝑌 , i.e.:  

𝑆𝐿,𝑅
𝑋𝑌%𝐴𝐶𝑇(𝑡)  = 100 [1 −

𝑆𝐿,𝑅 𝐴𝐶𝐶
𝑋𝑌 (1344 ℎ)

𝑆𝐿,𝑅 
𝑋𝑌 (0 ℎ)

] (1 − 𝑒− 𝑘𝐴𝐶𝑇
𝑋𝑌 𝑡2

)      (7) 

Such an unknown exponent 𝑘𝐴𝐶𝑇
𝑋𝑌  can be obtained through a simple calibration of the relative aging curve if the 

calibration value 𝑆𝐿,𝑅
𝑋𝑌%𝐴𝐶𝑇(𝑡∗)  of the percentage reduction after a time exposure t* is known. By using this, 

Eq.7 can be rewritten as: 

𝑆𝐿,𝑅
𝑋𝑌%𝐴𝐶𝑇(𝑡∗)  = 100 [1 −

𝑆𝐿,𝑅 𝐴𝐶𝐶
𝑋𝑌 (1344 ℎ)

𝑆𝐿,𝑅 
𝑋𝑌 (0 ℎ)

] (1 − 𝑒− 𝑘𝐴𝐶𝑇
𝑋𝑌 𝑡∗2

)      (8) 

From Eq.8 the unknown value of constant 𝑘𝐴𝐶𝑇
𝑋𝑌  relative to the actual aging process can be obtained immediately 

by the following calibration formula:  
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𝑘𝐴𝐶𝑇
𝑋𝑌 =  −

1

(𝑡∗)2 ln [1 −
𝑆𝐿,𝑅

𝑋𝑌%𝐴𝐶𝑇(𝑡∗)

𝑆𝐿,𝑅
𝑋𝑌%𝐴𝐶𝐶(𝑡∗)

]        (9) 

As an example, for a UD specimen positioned in an outdoor setting (near our laboratory), after a time t*=21 weeks 

= 3528 hours, an actual percentage degradation of the tensile strength 𝑆𝐿,𝑅
𝑈𝐷%𝐴𝐶𝑇(𝑡∗) = 12%  has been relieved. 

Consequently, Eq.9 provides: 

𝑘𝐴𝐶𝑇
𝑈𝐷 =  −

1

(3528)2 ln [1 −
12%

40%
] = 2.86 ∗ 10−8        (10) 

It is seen how 𝑘𝐴𝐶𝑇
𝑈𝐷  takes a value very lower than the 𝑘𝐴𝐶𝐶

𝑈𝐷 = 1.12 ∙ 10−5 relative to the accelerated aging (3 order 

of magnitude), indicating a very lower severity of the aging process considered, respect the accelerated aging 

above used.  

By introducing the values of 𝑘𝐴𝐶𝑇
𝑈𝐷  =2.86 ∗ 10−8 into Eq.7, along with the extreme values of 

𝑆𝐿,𝑅 𝐴𝐶𝐶
𝑈𝐷 (1344 ℎ) = 281 MPa and 𝑆𝐿,𝑅 

𝑈𝐷 (0 ℎ) = 469 MPa  (see Tab.1), then the function that describes the actual 

aging curve of the UD biocomposite laminate, is obtained immediately:  

𝑆𝐿,𝑅
𝑈𝐷%𝐴𝐶𝑇(𝑡)  = 100 [1 −

281

469
] (1 − 𝑒− 2.86∗10−8∗𝑡2

)       (11) 

Such a curve is reported in the following Fig.11 along with the curve corresponding to the accelerated aging (Eq.2): 

 
Figure 11 Comparison of the aging curves of the UD biocomposite laminate for accelerated aging and actual 

aging. 

In order to assess the accuracy of the “actual aging” curve obtained by simple calibration, in the same Fig.11, other 

three points relieved experimentally, have been reported too.  

Synthetically, from Fig.11 it is possible to observe how the calibration performed by using the accelerated aging 

results along with a calibration point, allows the user to obtain an accurate prediction of the “actual aging” curve 

relative to the aging due to a generic service conditions. In particular, such an approach permits to estimate the 
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time after which the analysed laminates reaches the asymptotical reduction of its performance (the tensile strength 

reduction of about 40%), that in this case is in practice equal to about 15÷18 thousand hours (about 2 years).  

4.3 Delamination strength (ILSS test) 

The following Fig.12 shows the average interlaminar shear strength (ILSS) values obtained experimentally in 

accordance with the ASTM D2344 [13] standard, for the various biocomposites analysed, considering for each 

material the condition of virgin material, with intermediate accelerated aging (2-6 weeks), and with complete 

accelerated aging (8 weeks). 

 
Figure 12 Results of the ILSS test for the different biocomposites analysed, after the progressive aging. 

From the analysis of the results shown in Fig.12, it is possible to observe that the unidirectional biocomposite 

(UD), exhibits a reduction of the delamination strength, with an asymptotic decreasing trend. The exposure to 1344 

hours of accelerated aging leads to a strength reduction approximately 70%, a value approximately double that 

already observed for the tensile test.  

Considering the cross-ply biocomposite (CP), a more markedly asymptotic trend is observed which also leads to 

a significant reduction of the strength to delamination over time; in this case at the 1344 hours of exposure 

corresponds in practice a strength reduction of just over 70%, a value therefore comparable to that of the 

unidirectional biocomposites.  

Finally, considering the quasi-isotropic biocomposite (QI), the decreasing asymptotic trend already seen for the 

previous cross-ply laminates is still observed, although with a more modest derivative than in the previous cases; 

at maximum aging corresponding to 1344 hours of exposure, it is now seen a percentage reduction of the 

delamination strength of approximately 50%, a value appreciably lower than that (70%) observed for the other 

biocomposite laminates.  
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From the processing of the results, a substantial difference was found between the ILSS values obtained from the 

tests performed with the aged surface of the specimens subjected to compressive loading, and that obtained with 

the aged surface subject to tensile loading. This difference was observed on all specimens, and it tends to increase 

with aging. 

As an example, the following Fig.13 shows the average ILSS (interlaminar shear strength) values for the 

specimens subjected to 1008 and 1344 h of accelerated aging, respectively analysed according to the two test 

configurations, i.e. with the aged side subject to compressive (upper laminae of the specimen) and tensile (lower 

laminae of the specimen). 

 
Figure 13 Average values ILSS for the various specimens subjected to 1008 and 1344 h of accelerated aging 

considering, with the aged side subject to compressive (upper laminae of the specimen) and tensile (lower 

laminae of the specimen). 

From Fig.13 it is possible to observe how for all three types of laminates the strength to delamination is reduced 

more and more, when the aged side of the specimens is subjected to compressive. These reductions reach its 

maximum for the specimens subjected to 1344 hours of aging; in percentage terms, on average, a further reduction 

in strength to delamination of approximately 40%, 30% and 25% is observed for the UD, CP and QI laminate 

respectively. This reduction of delamination strength, when the specimen with the side exposed to aging is 

subjected to compressive load, is mainly due to the effects of "transverse tensile" on the matrix, due to the 

compressive loading, which obviously add up negatively to the effects of shear, by anticipating the delamination 

process. Therefore, it is possible to state that biocomposite laminates subject to primary bending loading stress are 

less resistant to delamination if the surface exposed to the environmental aging is subject to compressive. In the 
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design of laminates subjected to bending loading, it is therefore advisable, where possible, to expose to 

environmental agents the laminate surface subject to the tensile stresses. 

5. DAMAGE MECHANISMS OF AGED BIOCOMPOSITE LAMINATES 

The following Fig.14 shows the damage due to the tensile test on UD, CP and QI specimens completely aged, i.e. 

subjected to an accelerated aging of 8 weeks (1344 h) . The images of the partially aged specimens are omitted as 

they have practically shown the same damage mechanisms as the fully aged specimens shown here. 

 
Figure 14 Specimens after tensile test subjected 1344 h of accelerated aging: (a) UD laminate, (b) CP laminate, 

(c) QI laminate. 

From the visual examination of Fig.14a, it can be observed how, for the unidirectional biocomposite, aging gives 

rise to significant phenomena of fiber-matrix debonding with typical lateral swelling of the specimens; this 

confirms that the aging process reduces the fiber-matrix adhesion, with associated premature tensile failure of the 

laminate. 

Considering instead the cross-ply (Fig.14b) and the quasi-isotropic (Fig.14c) biocomposite laminates, it is possible 

to state that the accelerated  aging gives rise not only to debonding phenomena, but also to a significant growth of 

the interlaminar delamination phenomena already, present in unaged laminates (virgin material). 

Further investigations through non-destructive investigations on the damage mechanisms were carried out with 

tomographic methods, a method that in principle allows a better correlation between the extension of the 

delamination with the progressive aging of the material. 

The following Fig.15 shows the tomography acquired from the failured tensile specimens (previously exposed to 

1344 h of accelerated aging). 
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From Fig.15 t is easy to see that the three types of specimens (UD, CP and QI) examined, are all visibly more 

damaged on the upper side directly exposed to the accelerated aging. 

In detail, the tomography of the UD laminates, show also extensive delamination phenomena with evident 

associated phenomena of fiber-bridging involving the of the fibers misaligned with the load. As expected, more 

evident and widespread delamination phenomena are observed mainly for the CP and QI laminate than for the UD 

laminate. 

 

 
Figure 15 X-ray tomography of the specimens failured by tensile test performed after 1344 h of accelerated 

aging: (a) UD laminate, (b) CP laminate, (c) QI laminate. 

Finally, the following Fig.16 shows the tomography acquired from the various specimens damaged by the 

delamination tests (ILSS). In detail, the tomography of the unaged specimens (first column), are reported along 

with those completely aged (1344 h) by the two different test configurations, i.e. with aged surface subject to 

compressive loading (second column) and to tensile loading (third column). 
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Figure 16 X-ray tomography of the specimens failured by ILSS test. 

In this case, x-ray tomography is particularly suitable for the analysis of the internal damage as, due to the small 

size of the specimens, the visual direct examination is rather difficult. 

From the images of the first column of Fig.16 (virgin specimens), it is possible to identify mechanisms of 

delamination mixed with matrix failure. Finally, comparing the images of the second column of Fig.16 (aged 

surface subject to compressive), with the images of the third column (aged surface subject to tensile), no significant 

differences are observed in terms of damage mechanisms; in other words, the presence of compressive loading 

gives rise to premature debonding and delamination phenomena, which lead to failure with lower applied loads, 

although with the same damage phenomena. 

6. CONCLUSIONS 

In conclusion, it is possible to state that the mechanical properties of the studied high performance biocomposites, 

basically constituted by a green epoxy matrix reinforced with optimized long sisal fibers (already developed and 

characterized with previous works by the same authors), are significantly influenced by the aging caused by 

environmental agents such as temperature, humidity and UV. In detail, the execution of accelerated weathering 

tests carried out in accordance with the ASTM G 154 standard, which predict the exposure of the material to 

appropriate thermal and UV cycles mixed with humidification cycles, has allowed to detect that both the tensile 

strength and the delamination strength of unidirectional, cross-ply and quasi-isotropic biocomposite laminates, are 

significantly influenced by the aging due to the environmental agents. 
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In particular, it is relieved that the accelerated aging leads to a progressive reduction of the tensile strength with 

an asymptotical decrement of about 34%-40% after about 8 weeks (1344 h) of exposure. These values are in 

practice comparable with those previously detected for the neat matrix, so that it is possible to state that in the high 

performance biocomposites examined, the presence of the sisal fibres does not lead to a significant increase of the 

environmental degradation. In more details, comparing the results obtained for the different laminates, it was found 

that the best performances are exhibited by the quasi-isotropic laminates (strength reduction of about -34%), 

followed by cross-ply (-35%), and unidirectional (-40%). In terms of average stiffness, the accelerated aging leads 

to comparable reductions, since the failure strain of the different biocomposites remains almost unchanged with 

aging. The analysis of the experimental results has shown that the degradation of strength and stiffness with the 

time of aging is well described by a simple exponential relationship univocally defined by three parameters: the 

properties of the virgin material, of the same material completely aged (subjected in practice to 8 weeks of 

accelerated aging) and of the k exponent related to the material and the particular environmental conditions. 

In more details, the knowledge of the response of the examined biocomposite laminate to the accelerated aging 

allows also to obtain the analytical function that describe the aging process due to an actual working condition by 

carried out a simple calibration at an arbitrary time t*. Such a function can be advantageously used at the design 

stage to predict the evolution of aging as well as the time after which the laminate reaches asymptotically its 

minimum performance (maximum aging).  

Considering instead the strength to delamination, assessed through ILSS tests according to the ASTM D2344 

standard, the experimental analysis has shown that the aging due to environmental agents, gives to the lower effects 

for the quasi-isotropic laminates (QI) that show a maximum delamination strength reduction of 50%, against the 

value of 70% relieved for the cross-ply (CP) and unidirectional (UD) laminates. Delamination tests carried out by 

subjecting the surface exposed to the environmental agents to tensile and compressive stresses, also allowed to 

highlight that the condition with compressive stresses gives rise to further aging effects with delamination strength 

reduction ranging from 25% to 40% by passing from QI laminates to CP laminates to UD laminates. This is due 

to the lower compressive strength of the aged material due to the presence of failure related to the transverse 

tensile, strongly influenced by the degradation of the matrix. 

In the presence of prevailing bending loading, the configuration with the surface of the biocomposite laminate 

subjected to tensile stresses is therefore to be recommended, if severe environmental conditions are present. 

Although further studies are needed for a detailed analysis of the specific effects of each environmental agent 

(temperature, UV etc.), the study carried out allows to state that the use of the high-performance biocomposites 
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analysed, especially in harsh environmental conditions, gives rise to significant aging effects on the mechanical 

performance, so that fiber treatments to limit hydrophilicity and improve fiber-matrix adhesion, or the use of 

special surface gel-coats or paints, or the use of surface hybridization with non-hydrophilic fibers such as basalt, 

are strongly recommended. Such actions are particularly important if the service loading can lead to appreciable 

delamination phenomena. 
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